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PREFACE 


THIS  volume  is  based  on  a  brief  course  of  lectures  given  to  ad- 
vanced students  in  the  Department  of  Geology  at  Princeton  in 
the  spring  of  1927.  Although  considerably  expanded  over  the 
substance  of  the  lectures  themselves  the  same  general  restriction  of  sub- 
ject matter  is  observed  as  was  observed  in  this  special  course.  A  knowl- 
edge of  the  accumulated  facts  of  petrology,  such  as  zvould  be  obtained 
in  a  general  course,  is  assumed.  There  is  nothing  of  the  description  and 
classification  of  rocks,  nothing  of  the  subdivision  of  intrusive  bodies 
according  to  their  outward  form,  nothing  of  many  subjects  that  occupy 
much  space  in  standard  texts.  The  reason  for  this  lies  largely  in  the 
special  purpose  for  which  most  of  the  material  here  presented  was  first 
brought  together  but  partly  also  in  my  conviction  that  those  sections  of 
any  new  text  which  deal  with  the  subjects  mentioned  are  for  the  most 
part  a  profitless  repetition  of  the  similar  sections  of  older  texts. 

Through  avoidance  of  the  descriptive  and  classificatory  side  of  the 
science  the  subject  matter  has  become  largely  interpretative.  It  is  an 
attempt  to  interpret  the  outstanding  facts  of  igneous-rock  series  as  the 
result  of  fractional  crystallization.  The  use  of  the  term  "evolution"  in 
the  title  is  intended  to  designate  only  a  process  of  derivation  of  rocks 
from  a  common  source  and  not  to  imply  that  detailed  knowledge  of  the 
process  which  the  term  connotes  when  applied  to  organic  development. 
While  rocks  themselves  remain  the  best  aid  to  the  discussion  of  their 
origin  by  fractional  crystallization,  much  light  is  thrown  upon  the  prob- 
lem by  laboratory  investigations  of  silicate  melts.  In  this  study  I  hax)e 
tried  to  give  the  bearing  of  the  pertinent  facts  from  both  sources.  It  was 
my  hope  that,  before  anything  of  the  kind  here  offered  was  written,  all 
of  the  diagrams  it  would  be  necessary  to  use  would  be  determined  dia- 
grams. Yet  I  offer  no  apology  for  the  use  of  deduced  diagrams  where 
this  IS  still  necessary.  Yogi's  pioneer  work  with  such  diagrams  has  more 
than  justified  their  use.  Attack  with  their  aid  may  be  regarded  as  a  skirm- 
ishing which  feels  out  the  strength  and  the  weakness  of  our  adversaries, 
the  rocks,  and  thus  lays  a  necessary  foundation  for  a  more  serious 
campaign  of  experimental  attack,  concentrated  upon  those  points  where 
proaress  is  most  likely  to  be  made. 

The  book  is  divided  into  tzvo  parts.  In  Part  I  are  given  those  aspects 
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of  fractional  crystallization  of  magmas  zuhere  facts  determined  in  the 
laboratory  are  susceptible  of  fairly  direct  application  to  the  ?iaiural 
problems.  In  Part  II  various  problems  are  discussed  in  which  the  amount 
of  extrapolation  from  ascertained  fact  is  relatively  great  or  where  the 
diagrams  used  are  mainly  deduced.  The  conclusions  reached  in  such 
matters  are  thus  to  be  regarded  as  resting  on  a  less  certain  founda- 
tion. Again,  some  subjects  have  been  relegated  to  Part  II  because  they  are 
considered  to  be  of  relatively  minor  importance  in  the  problem  as  a  whole. 
Discussion  of  the  effects  of  volatile  components  zvill  be  found  there  for 
that  reason. 

Upon  the  question  of  the  relative  importance  of  fractional  crystalli- 
zation, as  compared  with  other  processes,  in  the  derivation  of  igneous 
rocks  I  can  lay  no  claim  to  an  open  mind.  Anatole  France  has  said  that 
there  may  be  times  when  an  open  mind  is  itself  a  prejudice.  I  believe  thai 
that  time  has  come  in  petrology  as  far  as  the  question  of  fractional  crys- 
tallization is  concerned.  But  upon  the  relative  importance  of  the  various 
factors  that  may  induce  crystal  fractionation  there  is  much  room  for  an 
open  mind.  There  is  a  common  impression  that  I  am  a  proponent  of 
crystal  settling  as  opposed  to  other  methods  of  crystal  fractionation  but 
the  impression  has  never  had  any  justification.  In  my  earliest  writi?igs 
on  the  subject  I  set  down  side  by  side  the  various  methods  of  crystal 
fractionation  that  had  been  proposed  and  reached  no  decisio?i  as  to  their 
relative  importance  in  the  general  problem  though  their  relative  impor- 
tance in  a  few  specific  occurrences  may  be  plain  enough.  I  still  set  them 
down  side  by  side  in  discussing  the  general  problem. 

In  treating  some  of  the  relations  involved  in  fractional  crystallization 
I  have  adopted  the  method  of  taking  the  statements  of  various  objectors 
and  discussing  in  considerable  detail  the  questions  which  they  raise.  This 
lends  to  some  of  the  subject  matter  an  air  of  controversy  that  may,  in 
some  respects,  seem  undesirable.  Yet  in  other  respects  it  may  be  a  matter 
of  satisfaction  that  the  hypothesis  of  fractional  crystallization  is  sus- 
ceptible of  such  detailed  discussion.  To  attempt  a  discussion  of  some 
hypotheses  of  igneous-rock  derivation  is  to  tilt  with  windmills. 

The.  extent  to  which  I  am  indebted  to  the  writings  of  Marker,  La- 
croix,  Niggli,  Goldschmidt,  Daly  and  many  others  will  be  plain  to 
any  reader.  My  thanks  are  due  to  some  of  my  colleagues  and  especially 
to  Washington,  Morey  and  Greig  for  helpful  discussion  of  many  prob- 
lems. To  the  members  of  the  staff  and  the  students  in  Geology  at 
Princeton,  to  whom  the  lectures  were  given,  I  am  indebted  for  many 
suggestions. 
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PART    ONE 


CHAPTER    I 

THE  PROBLEM  OF  THE  DIVERSITY 
OF  IGNEOUS  ROCKS 

THE  accumulation  of  detailed  knowledge  of  the  mineralogical  and 
chemical  characters  of  igneous  rocks  has  led  to  a  generalization 
which  has  now  been  accepted  by  petrologists  for  some  four 
decades.  It  is  that  the  rocks  of  a  given  region,  that  have  been  intruded 
at  a  definite  period,  tend  to  exhibit  certain  similarities  of  mineral  or 
chemical  composition  which  persist  even  in  the  presence  of  diversity 
and  which  mark  them  off  more  or  less  distinctly  from  the  rocks  of  another 
region  or  from  rocks  of  the  same  region  intruded  at  another  period. 
Thus  in  New  England  and  in  adjacent  portions  of  Canada  there  occur 
isolated  stocks  and  plugs  of  Palaeozoic  igneous  rocks  showing  a  wide 
range  of  composition  but  with  a  distinct  general  tendency  to  be  rich 
in  NaoO.  Petrologists  have  conveniently  designated  such  a  regional 
grouping  of  related  igneous  rocks  as  a  "petrographic  province."^  The 
rocks  of  the  region  just  mentioned  are  strongly  contrasted  with,  say,  the 
Coast  Range  intrusives  of  Western  Canada  and  Alaska  which  show 
general  tendencies  of  a  different  character  and  thus  constitute  a  distinct 
petrographic  province.  As  more  and  more  examples  have  accumulated 
of  rock  associations  of  the  kind  which  led  to  the  concept  of  petrographic 
provinces  petrologists  have  come  to  realize  that  the  similarity  of  char- 
acters exhibited  in  any  given  association  must  be  connected  with  a  com- 
munity of  origin.  That  the  rocks  have  been  derived  from  a  single  original 
magma,  responding  to  the  influence  of  external  conditions,  is  the  assump- 
tion commonly  made  as  to  the  nature  of  this  community  of  origin.  The 
supposed  derivation  of  different  rocks  from  a  single  magma  has  been 
called  differentiation,  and  the  processes  whereby  the  different  rocks  have 
arisen  have  been  called  the  processes  of  differentiation. 

The  concept  of  differentiation  is  thus  an  hypothesis  proposed  to 
explain  various  rock  associations.  The  only  rival  hypothesis  ever  pro- 
posed was  the  doctrine  of  the   mixing  of  two   fundamental   magmas 

1  Judd,  Quart.  Jour.  Geol.  Sac,  42,  1886,  p.  J4.  Tlie  term  "province"  is  not  witlmut  objectionable 
features  because  it  emphasizes  place  too  much  whereas  time  is  of  equal  importance.  There  may  be 
in  a  single  geographic  area  several  petrographic  provinces  of  different  ages.  We  shall  use  the 
term  rock  association  to  designate  a  group  of  rocks  associated  in  the  field  and  of  the  same  age. 
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(basaltic  and  rhyolitic)  but  this  has  been  found  to  fail  so  completely  that 
the  concept  of  differentiation  has  come  to  be  regarded  as  a  fact  as  well 
established  as  the  observed  rock  associations  themselves.  Only  the  pro- 
cesses which  bring  about  differentiation  are  ordinarily  regarded  as  of 
hypothetical  character. 

In  the  earlier  days  of  speculation  as  to  the  factors  which  brought  about 
a  diversity  of  associated  rocks,  a  splitting  of  the  magma  into  comple- 
mentary fractions  with  possible  further  splitting  of  the  fractions  was 
the  explanation  appealed  to.  At  first  this  was  apparently  not  correlated 
with  the  definite  physical  process  of  liquid  immiscibility  but  was  rather 
a  vague  notion  based  on  a  dualistic  philosophy.  The  actual  nature  of 
the  variation  in  any  rock  association  is  not  the  sharp  partitioning  that 
such  a  "splitting"  would  lead  to.  It  is  rather  a  continuous  variation.  To 
be  sure,  in  any  given  association  perfectly  continuous  variation  ordi- 
narily fails,  but  by  piecing  together  the  facts  of  related  associations  one 
finds  convincing  evidence  for  continuous  variation.  The  members  of 
rock  associations  are  thus  related  to  each  other  as  members  of  a  series^ 
and  the  division  of  the  series  into  members  is  purely  arbitrary.  Igneous 
rocks  are  not,  however,  to  be  referred  to  a  single  series;  indeed,  it  is  the 
existence  of  different  series  that  marks  off  petrographic  provinces  and 
emphasizes  the  fact  of  differentiation.  The  real  problem  of  differentia- 
tion is  thus  the  explanation  of  these  natural  series,  which  represent 
continuous  variation.  Not  only  is  there  a  continuous  variation  within 
a  series,  but  viewed  as  a  whole,  rocks  appear  to  show  no  sharp  demar- 
cation of  one  series  from  another,  yet  the  concept  of  a  series  is  none 
the  less  useful,  just  as  the  concept  of  a  rock  type  is  no  less  useful  because 
it  is  an  arbitrary  subdivision  of  a  continuous  series.  In  a  general  way 
it  appears  that  in  any  given  province  some  determining  factor  has 
brought  it  about  that  a  simple  serial  relation  is  comparatively  evident 
and  it  is  only  when  a  number  of  provinces  are  compared  that  the  transi- 
tion from  series  to  series  becomes  evident.  The  problem  is  thus  the 
explanation  of  this  polyvariant  condition  with  a  local  tendency  towards 
relatively  simple  series. 

Among  the  series  into  which  rocks  may  be  divided  we  may  mention 

gabbro,  diorite,  quartz  diorite,  granodiorite,  granite 

gabbro,  diorite,  monzonite,  syenite 

basalt,  nephelite-basalt,  melilite  basalt,  phonolite 

There  are  many  others  but  these  three  may  give  a  concrete  idea  of  the 
kind  of  natural  grouping  that  constitutes  a  rock  series. 

There  was  formerly  a  tendency  to  believe  that  each  of  these  series  had 
its  own  distinctive  parental  magma  which  was  usually  assumed  to  be  of 
approximately  the  average  composition  of  the  assemblage.  Many  who 

1  Brogger,  Die  Erufitivffesleine  des  Kristianiagebieies,  1,  1894,  pp.  169  ff. 
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were  unwilling  to  carry  the  subdivision  to  such  extreme  lengths  still 
adhered  to  the  view  that  there  were  two  great  branches,  the  alkaline 
and  the  subalkaline,  with  distinct  parental  magmas  and  with  no  associa- 
tion of  types  of  such  a  nature  as  to  indicate  any  genetic  connection  be- 
tween the  branches.  The  adherents  of  such  views  are  no  longer  so 
numerous,  because  detailed  studies  have  brought  out  the  intimate  asso- 
ciation of  types  belonging  to  the  supposedly  antagonistic  branches.  For 
purposes  of  discussion  division  into  these  two  great  branches  is  often 
useful. 

To  Daly,  in  particular,  we  owe  the  demonstration,  apparently  satis- 
factory, that  basaltic  magma  is  a  constant  member  of  all  these  associa- 
tions and  that  there  is  no  essential  difference  in  the  basaltic  magma 
of  the  various  associations.  Partly  for  this  reason  and  partly  on  geologic 
grounds  he  considers  that  basaltic  magma  is  the  parental  magma  of  all 
igneous-rock  series,  except  certain  pre-Cambrian  rocks.  The  facts  are  not 
such  as  to  enforce  belief  in  the  parental  nature  of  basaltic  magma  but 
they  are  sufficiently  definite  that  many  petrologists  now  entertain 
the  belief  favorably  and  include  it  in  their  general  scheme  of  rock  deri- 
vation. In  the  present  discussion  the  parental  nature  of  basaltic  magma 
is  taken  as  a  fundamental  thesis  and  other  rock-types  are  developed 
principally  by  fractional  crystallization.  Nevertheless  this  assumption 
is  not  fundamental  in  the  sense  that  the  whole  system  of  the  derivation 
of  rock  types  by  fractional  crystallization  would  fall  to  the  ground  were 
the  parental  nature  of  basaltic  magma  disproved.  Fractional  crystalli- 
zation would  still  remain  the  best  explanation  of  the  kind  of  relation 
shown  between  the  various  members  of  rock  series.  The  reasons  for  pre- 
ferring a  thoroughly  basic,  presumably  basaltic,  parental  magma  are, 
however,  strong  and  will  become  apparent  as  the  discussion  proceeds. 

The  possible  factors  that  may  have  led  to  the  formation  of  different 
rocks  from  a  single  magma  have  been  listed  by  many  petrologists.  Apart 
from  vague  suggestions  of  a  "splitting"  which  is  not  referred  to  any 
known  process,  the  factors  appealed  to  are  definite  physico-chemical 
processes  that  are  known  to  occur  in  various  complex  mixtures  under 
appropriate  conditions.  A  gradation  of  composition,  in  a  completely 
liquid  mass,  resulting  from  a  gradation  of  temperature  in  the  mass 
(Soret  effect)  is  among  the  possibilities  considered,  but  there  is  every 
reason  to  believe  that  the  greatest  theoretical  magnitude  of  this  effect 
would  be  very  small  and  that  even  this  small  effect  would  never  be  at- 
tained. The  production  of  an  appreciable  effect  would  require  a  con- 
siderable temperature  gradient,  which  condition  carries  with  it  the 
necessity  of  the  rapid  loss  of  heat  and  the  onset  of  crystallization  before 
diffusion  has  the  opportunity  to  establish  even  the  small  effects  that  are 
possible  in  unlimited  time.  With  the  onset  of  crystallization,  phase  equi- 
librium controls  the  composition  of  the  liquid. 
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Gradients  of  composition  in  a  liquid,  produced  by  the  force  of  gravity, 
must  likewise  be  of  very  small  magnitude  and  there  is  the  same  barrier  to 
their  establishment  in  any  intrusive  mass  in  the  time  available  before 
crystallization.'  If  there  are  any  such  masses  as  large  permanent  reser- 
voirs of  liquid  in  depth  it  is  reasonable  to  sup[)ose  that  they  may  nor- 
mally exhibit  the  composition  gradient  demanded  by  gravity  but  the 
actual  magnitude  of  the  possible  composition  differences  is  not  such  as 
to  account  for  the  differences  observed  in  rock  series. 

Variation  of  composition  in  the  liquid  magma  has  been  supposed  to 
originate  as  a  result  of  a  pressure  gradient,  in  so  far  as  this  may  affect 
the  concentration  of  volatile  components.  This  question  is  considered 
in  a  subsequent  chapter  on  volatile  components. 

In  addition  to  the  processes  involving  gradients  of  composition  in  a 
single  phase  there  are  the  processes  involving  the  separation  of  distinct 
phases.  These  may  be  gaseous,  liquid  or  solid  and  the  processes  involved 
are  respectively  gaseous  transfer,  liquid  immiscibility  and  crystalliza- 
tion. The  importance  of  liquid  immiscibility  is  discussed  in  the  next  chap- 
ter. Gaseous  transfer  is  discussed  in  a  subsequent  chapter  which  treats 
of  the  importance  of  volatile  constituents.  The  rest  of  the  volume  is  taken 
up  with  a  discussion  of  crystallization  in  silicate  systems,  including 
natural  magmas,  and  the  correlation  of  the  observed  facts  of  rock  series 
with  the  results  of  fractional  crystallization. 

In  addition  to  the  effects  that  may  be  produced  as  a  result  of  the 
inherent  properties  of  the  magma  there  are  the  effects  of  the  contamina- 
tion of  the  magma  with  foreign  material.  This  can  be  appropriately 
discussed  only  in  connection  with  fractional  crystallization.  The  ques- 
tion of  the  importance  of  this  action,  assimilation,  is  treated  at  some 
length  after  the  principles  and  the  main  results  of  fractional  crystalli- 
zation have  been  set  down. 


1  For  a   discussion   of  these   factors   see   N.    L.    Bowen,   "Diffusion    in   Silicate    Melts,"   lour.   GeoL. 
29,  1921,  pp.  29J-317. 


CHAPTER     II 

LIQUID  IMMISCIBILITY  IN  SILICATE  MAGMAS 

IT  IS  a  well-known  fact  that  many  substances  which  are  capable  oi 
mixing  as  liquids  in  all  proportions  at  high  temperatures  may  sepa- 
rate into  two  liquids  upon  cooling.  It  is  natural  that,  in  seeking  an 
explanation  of  associated  magmas,  petrologists  should  early  have  turned 
to  this  process,  but  it  is  remarkable  that  the  concept  should  still  enjoy 
considerable  popularity  even  after  the  accumulation  of  many  facts  re- 
garding the  detailed  relations  of  rocks  and  of  theoretical  studies  of  the 
manner  in  which  this  process  should  go  forward. 

In  no  case  has  any  petrologist  advocating  this  process  been  able  to 
point  out  exactly  how  it  is  to  be  applied  to  any  particular  series  of  rocks. 
It  is  usually  merely  stated  that  the  original  magma  split  up  into  this 
magma  and  that  magma.  Apparently  the  authors  of  such  statements 
do  not  realize  that  they  have  not  in  any  way  described  or  discussed  a 
process  but  have  merely  restated,  with  a  maximum  of  indirection,  the 
observational  fact  that  this  rock  and  that  rock  are  associated  in  the 
described  field. 

The  extreme  of  advocacy  of  immiscibility  is  found  in  the  maintenance 
of  the  origin  of  monomineralic  rocks  such,  for  example,  as  a  pure  olivine 
rock,  through  the  separation  of  a  pure  olivine  liquid  from  a  basaltic  liquid. 
The  most  elementary  considerations  of  phase  equilibrium  show  that, 
when  such  complete  immiscibility  occurs,  there  can  be  no  mutual  lowering 
of  melting  points  between  the  phases  concerned,  and  yet  serious  pro- 
posals have  been  made  of  the  unmixing  of  a  pure  olivine  liquid  from 
solution  in  a  complex  liquid  at  temperatures  hundreds  of  degrees  below 
the  melting  point  of  olivine,  temperatures  atwhich  olivine  liquid  is,  indeed, 
incapable  of  existence.  Appeal  to  the  possible  effect  of  volatiles  in 
lowering  the  freezing  point  of  the  olivine  liquid  helps  the  matter  little, 
for  it  involves  the  assumption  of  a  partition  of  the  volatiles  between 
the  two  liquids  such  that  the  olivine  liquid  acquires  a  concentration  of 
volatiles  many  times  that  obtaining  in  the  basaltic  liquid.  This  assump- 
tion must  be  regarded  as  quite  unwarranted  by  such  knowledge  as  we 
have  of  the  properties  of  these  liquids  and  as  altogether  unsupported  by 
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the  evidence  of  the  quantities  of  volatiles  associated  with  basaltic  and 
dunitic  rocks. 

THEORETICAL   RESULTS   OF   A    PROCESS    OF    UNMIXING 

A  feature  of  igneous  rocks  that  has  led  some  investigators  to  favor 
immiscibility  is  the  fact  that  two  adjacent  rocks,  that  are  evidently 
closely  related,  frequently  show  a  very  abrupt  transition  from  the  one 
to  the  other.  Yet  a  brief  consideration  of  liquid  immiscibility  should 
show  that  it  is  not  as  likely  to  give  discontinuous  variation  as  is  crystalli- 
zation. It  is  true  that  if  two  liquids  that  are  only  partially  miscible  are 
shaken  together  in  a  flask,  two  different  liquids  are  formed,  and  if  the 
flask  be  set  aside  they  will  become  two  separate  layers  with  a  definite 
bounding  surface.  If  the  temperature  is  kept  constant  these  two  distinct 
and  sharply  bounded  layers  will  persist.  However,  if  the  immiscibility  is 
the  result  of  cooling  a  homogeneous  solution,  the  behavior  is  not  so 
simple.  In  this  case  a  certain  amount  of  immiscible  globules  should  form 
in  the  liquid  when  a  certain  temperature  is  reached,  and,  even  if  time 
were  allowed  then  for  the  collection  of  the  globules  as  a  separate  layer, 
more  immiscible  globules  would  form  in  each  layer  as  soon  as  cooling 
was  resumed.  And  when  cooling  had  proceeded  to  the  point  where  crys- 
tallization ensued,  a  marked  increase  in  the  separation  of  immiscible 
globules  would  occur  in  association  with,  and  as  a  necessary  consequence 
of,  the  separation  of  crystals.  We  thus  see  that  immiscibility  is  not  a 
process  taking  place  at  an  early  stage  of  cooling,  as  a  result  of  which  a 
sudden  separation  of  a  liquid  into  two  liquid  layers  occurs.  The  separa- 
tion is  rather  a  formation  of  small  globules  that  grow  slowly  by  diffusion 
and  can  collect  as  a  separate  layer  only  by  comparatively  slow  movement 
in  response  to  gravity.  Neither  is  immiscibility  a  process  that  is  completed 
at  a  very  early  stage  in  the  cooling  history,  and  of  which  all  evidence 
is  destroyed.  It  is  a  process  that  may  begin  very  early  but  must  continue 
until  the  later  stages  of  crystallization,  and  the  evidence  of  it  would  be 
as  obvious  and  unfailing  as  the  evidence  of  crystallization  itself.  The 
complete  collection  of  all  the  immiscible  liquid  as  a  separate  and  distinct 
layer  is  as  unlikely  as  the  complete  collection  of  a  kind  of  crystals  whose 
separation  continues  until  a  late  stage. 

We  may  illustrate  these  facts  regarding  immiscibility  by  discussing 
the  simplest  possible  binary  example.  Fig.  1  presents  the  temperature- 
composition  relations.  When  a  liquid  of  composition  x  is  cooled  to 
the  temperature  FK,  liquid  of  composition  K,  that  is,  a  liquid  rich  in  B, 
begins  to  separate  from  it,  and  as  cooling  proceeds  the  composition  of  the 
one  liquid  changes  along  FE  and  of  the  other  along  KD.  The  liquid 
represented  by  points  on  FE  decreases  in  amount,  and  that  represented 
by  points  on  KD  increases  in  amount.  The  first  separation  of  liquid 
must  be  represented  by  the  formation  of  minute  nuclei  that  grow  to 
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larger  and  larger  globules  as  the  cooling  proceeds,  and  as  a  result  of  the 
slow  diffusion  of  material  to  these  globules.  There  is  no  reason  why  this 
process  should  be  accomplished  any  more  rapidly  for  separated  liquid 


Fig.  1.     Diagram  illustrating  behavior  of  a  binary  mixture  with  partial 

miscibility. 


than  for  separated  crystals.  If  the  separated  globules  were  heavier  than 
the  general  mass  of  liquid  they  would  sink,  and  here  enters  the  possibility 
of  the  growth  of  these  globules  to  much  larger  dimensions  than  crystals, 
because  two  globules  encountering  each  other  may  coalesce.  The  forma- 
tion of  very  large  globules  in  this  manner  would  result  in  their  more 
rapid  accumulation  as  a  separate  layer.  It  should  be  noted,  however, 
that  this  rapidity  of  accumulation  could  never  result  in  the  complete 
accumulation  of  all  the  globules  as  a  separate  layer.  If,  for  example, 
cooling  were  interrupted  at  some  temperature  between  FK  and  ED,  and 
time  allowed  for  the  accumulation  of  all  the  globules  as  a  separate 
layer,  as  soon  as  cooling  was  resumed  new  globules  would  form  in 
each  layer,  and  their  accumulation  by  the  slow  process  of  gravitative 
adjustment  would  begin  again.  It  is  plain  then  that,  whatever  compli- 
cations are  assumed,  the  magma  must  arrive  at  the  temperature  ED 
in  a  blotchy  condition,  many  of  the  blotches  being  of  rather  large  dimen- 
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sions  as  a  result  of  the  coalescence  of  globules.  By  large  dimensions  is 
meant  a  diameter  several  times,  perhaps  very  many  times,  the  diameter 
of  the  crystals  in  the  average  plutonic  rock.  At  the  temperature  ED, 
when  the  liquids  in  equilibrium  have  the  composition  E  and  D,  crystalli- 
zation begins,  crystals  of  A  separating.  It  is  important  to  note  the 
nature  of  the  first  crystals  separating,  for  it  will  be  recalled  that  the 
liquid  separating  was  rich  in  B.  Those  who  advocate  the  separation  of 
olivine,  pyroxene,  plagioclase,  etc.,  as  immiscible  liquid  tacitly  assume 
a  correspondence  between  the  kind  of  material  that  would  separate  early 
as  a  liquid  and  the  kind  of  material  that  we  know  from  experimental 
and  petrographic  experience  separates  early  as  crystals.  As  a  matter 
of  fact  there  is  no  necessary  relation,  and  the  fact  that  correspondence 
must  be  assumed  in  each  individual  case  is  sufficient  in  itself  to  throw 
doubt  on  a  process  requiring  such  an  assumption. 

Continuing  the  consideration  of  the  cooling  of  the  mixture,  which  had 
been  carried  to  the  stage  of  the  beginning  of  crystallization,  at  the  tem- 
perature ED,  we  find  that  crystals  of  A  would  separate,  and  that  as  a 
necessary  consequence  more  liquid  of  composition  D  would  be  formed 
and  some  liquid  of  composition  E  would  be  used  up.  These  reactions 
would  continue  at  constant  temperature  with  the  amount  of  crystals  A 
and  the  amount  of  liquid  D  increasing  at  the  expense  of  liquid  E  until 
finally  all  of  liquid  E  would  disappear,  when  the  whole  mass  would 
be  made  up  of  about  8o  per  cent  of  crystals  A  and  20  per  cent  of  liquid 
D.  We  thus  see  that  up  to  a  time  when  the  mass  is  largely  crystalline  two 
liquids  are  present,  and  the  crystalline  product  can  not  fail  to  show  the 
blotchy  condition  that  this  predicates.  The  evidence  of  immiscibility 
would  not  be  confined  to  rapidly  chilled  flow  and  dike  rocks  alone, 
though  it  would  presumably  be  especially  clear  in  them.  Further  cooling 
would  result  simply  in  the  separation  of  more  crystals  of  A  with  a 
consequent  change  in  the  composition  of  the  liquid  from  D  to  C,  where 
eutectic  crystallization  of  both  A  and  B  would  occur.  It  will  be  noted 
too  that  the  liquid  C,  which  is  the  last  material  to  crystallize,  is  closely 
related  in  composition  to  the  liquids  K-D,  the  first  material  to  separate 
as  a  liquid.  This  is  important  in  connection  with  the  well-recognized 
parallelism  between  "Differentiationsfolge"  and  "Kristallizationsfolge." 
If  liquid  immiscibility  were  a  prominent  factor,  or  even  a  subsidiary 
factor,  in  the  differentiation  of  igneous  rocks  no  such  parallelism  would 
exist. 

THE   SIGNIFICANCE  OF  GREIg's   WORK  ON  ACTUAL 
EXAMPLES  OF  UNMIXING  IN    SILICATES 

One  of  the  principal  lines  of  evidence  bearing  upon  the  question  of 
immiscibility  in  silicates  is,  as  Vogt  early  emphasized,  the  results  of 
experimental  and  industrial  work  with  silicate  melts.  Until  recently  no 
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example  of  unmixing  in  such  melts  had  heen  encountered  but  the  work 
of  Greig  has  now  revealed  a  number  of  examples  of  this  phenomenon 
in  a  variety  of  mixtures.  Without  exception  the  mixtures  are  of  what 
might  be  termed  highly  specialized  composition  and  even  in  these  the 
liquid  fractions  can  exist  only  at  excessively  high  temperatures.  At 
lower  temperatures  two  liquid  fractions  can  no  longer  coexist,  but  this 
fact  is  not  due  to  their  becoming  miscible  but  to  the  intervention  of 
crystallization. 

It  is  a  matter  of  satisfaction  to  find  immiscibility  so  well  displayed 
and  so  thoroughly  amenable  to  quantitative  study,  for  it  shows  that 
when  immiscibility  occurs  the  resources  of  the  modern  laboratory  are 
adequate  to  detect  it.  The  mixtures  in  which  it  has  been  found  are  par- 
ticularly intractable,  yet  the  only  reason  for  failure  to  discover  the 
facts  long  since  is  that  the  temperature  region  concerned  is  relatively 
inaccessible  from  the  point  of  view  of  carefully  controlled  experimen- 
tation. 

In  strong  contrast  with  these  restricted  compositions  showing  immisci- 
bility, stands  the  great  range  of  silicate  compositions  that  have  been 
completely  studied  throughout  the  conditions  where  they  show  inhomo- 
geneity  of  any  kind,  and  this  inhomoeeneity  always  consists  in  the 
separation  of  crystals.  No  suggestion  of  the  separation  of  a  liquid  phase 
has  ever  been  observed.  Considering  the  ready  separation  occurring  in  the 
less  favorable,  high-silica  mixtures,  its  failure  in  all  other  mixtures 
must  be  regarded  as  decisive.  But  in  addition  to  this  evidence,  which 
might  be  regarded  as  of  the  negative  variety,  there  is  the  direct,  positive 
evidence  of  the  forms  of  the  equilibrium  diagrams  which  are  such  as  to 
preclude  the  possibility  of  unmixing.  No  suggestion  of  a  discontinuity 
in  the  crystallization  surfaces  is  to  be  found  and  such  discontinuities 
would  be  inevitable  were  immiscibility  a  fact,  even  though  actual  un- 
mixing were  prevented  by,  let  us  say,  excessive  sluggishness.  Indeed  it 
was  the  indications,  obtained  in  earlier  work,  of  discontinuities  on  the 
crystallization  surface  at  higrh  silica  concentrations  that  led  to  the 
further  investigations  of  Greig.  These  revealed  that  the  discontinuities 
were  due  to  immiscibility,  as  had  been  suspected. 

Referring  to  the  actual  results  obtained  by  Greig, ^  we  find  that,  of 
important  rock-forming  oxides,  CaO,  MgO,  FeO  and  Fe^O,,  show  immis- 
cibility with  SiO,  but  only  at  high  silica  concentrations,  whereas  NaoO, 
K.,0  and  AUO^  show  complete  miscibility  with  SiOg  in  all  concentrations. 
No  rocks  are  known  which  have  the  compositions  required  for  the  ap[)ear- 
ance  of  immiscibility  on  the  basis  of  these  data.  Rocks  of  high  silica 
content  never  have  CaO,  MgO  and  FeO  as  the  principal  additional 
constituents:  on  the  contrary  they  are  always  rich  in  Al._,0.;,  NaoO,  and 

1  J.  W.  Greig,  Amer.  Jour.  Set.,  13,   1927,  pp.   1-44,   n3-54. 
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KoO.  Greig's  work  shows,  moreover,  that  it  requires  but  a  small  content 
of  the  latter  group  to  completely  neutralize  the  unmixing  tendency  of 
the  former  group.  This  relation  is  well  summarized  by  him  in  a  general- 
ized ternary  diagram  which  is  here  reproduced  as  Fig.  2.  The  complete 
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Fig.  2.  Diagram  (after  Greig)  to  show  the  relation  of  the  compositions  of  mix- 
tures which  show  immiscibility  to  the  compositions  of  igneous  rocks.  The  extent 
of  immiscibility  in  three  binary  and  three  ternary  systems  is  indicated.  The  com- 
positions of  igneous  rocks  have  been  plotted  by  reducing  the  analyses  to  a  water- 
free  basis  and  adding  the  constituents  not  indicated  on  the  diagram  to  CaO  + 
MgO  +  FeO.  The  points  lying  below  the  dotted  curve  are  Daly's  averages;  those 
above  are  extreme  cases  from  Washington's  Tables.  The  ratio  of  alkali  to  alumina 
is  shown  by  the  slope  of  the  line  passing  through  the  point  as  indicated  by  the 
small  diagram,  upper  left. 


avoidance  of  the  much  restricted  two-liquid   area  by  igneous  magmas 
is  obvious. 

In  spite  of  the  examples  of  immiscibility  in  silicates  that  this  new 
work  demonstrates,  we  must  still  adhere  to  the  older  conclusions  regard- 
ing the  bearing  of  experimental  work  on  immiscibility  in  rock  magmas. 
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The  evidence  from  experiment,  as  far  as  it  goes,  is  decidedly  against 
limited  miscibility  in  natural  magmas. 

SUPPOSED  EXAMPLES  OF  IMMISCIBILITY   IN   NATURAL  MAGMAS 

However,  it  is  to  natural  rocks,  after  all,  that  appeal  must  be  made 
for  a  decision  on  this  question.  Certainly  those  with  an  abiding  faith  in 
unmixing  of  rock  magmas  are  not  likely  to  accept  the  evidence  of 
experiment  until  a  much  closer  approach  is  attained  to  the  conditions 
represented  by  a  natural  magma  and  its  surroundings.  Therefore  we 
must  turn  to  the  evidence  of  rocks  themselves.  It  is  natural  to  expect 
that  our  first  task  would  be  to  consider  the  merits  of  those  features  of 
rocks  that  have  been  suggested  as  evidence  of  immiscibility,  but  we  find 
that  no  one  has  offered  any  detailed  statement  of  this  evidence.  Perhaps 
those  features  of  rocks  that  have  done  most  to  suggest  immiscibility  are 
the  intimate  association  and  frequent  alternation  of  lavas  of  different 
composition  and  the  abrupt  changes  of  composition  often  noted  in 
deeper-seated  rocks.  It  is  not  necessary  to  point  out  that  these  features 
could  come  about  in  a  number  of  different  ways  and  that  some  very 
good  reason  for  preferring  the  immiscible  relation  should  be  offered. 

It  is  apparently  not  realized  by  many  petrologists  that  unmixing  is 
not  a  mysterious  process  whereby  one  liquid  separates  instantaneously 
into  two  masses  of  liquid  of  different  composition  and  with  but  one 
common  boundary  surface.  Unmixing  is,  on  the  contrary,  a  manifesta- 
tion of  phase  equilibrium  just  as  is  crystallization.  As  already  pointed 
out,  the  new  phase  must  begin  to  appear  at  dispersed  nuclei,  the  indi- 
vidual units  must  grow  as  the  result  of  slow  accretion  by  diffusion  and 
any  collection  into  a  distinct  mass  must  take  place  slowly  with  the  aid 
of  gravity  as  it  must  in  the  case  of  crystals.  In  spite  of  these  facts  we 
can  find,  even  at  this  late  date,  the  serious  statement  that  many  magmas 
are  too  viscous  for  the  influence  of  gravity  on  crystallized  phases  to  be 
appreciable,  and  that  therefore  the  differentiation  of  these  magmas  must 
have  been  brought  about  by  unmixing.-^  If  great  viscosity  prevents  a 
gravitative  effect,  crystallization  differentiation  still  has  the  effects  of 
deformation  to  fall  back  on,  but  for  unmixing  liquids  there  is  no  alterna- 
tive to  gravity  as  a  means  of  separation  of  phases. 

A  long  period  of  suspension  of  one  liquid  in  another  is  a  necessary 
consequence  of  unmixing  in  any  silicate  system.  No  convincing  reason 
is  forthcoming  as  to  why  this  period  is  so  effectively  concealed  from 
observation.  Having  regard  for  the  fact  that  unmixing,  like  crystalliza- 
tion, should  be  the  result  of  cooling,  we  should  find  it  manifested  in 
varying  degrees  in  batholith,  dike,  and  flow,  for  they  represent  various 
rates  of  cooling.  In  lavas,  particularly,  we  are  entitled  to  expect  that 

1  B.  Asklund,  "Granites  and  Associated  Basic  Rocks  of  the  Stavsjo  Area,"  Sveriges  Geol.  UndersSk. 
Arsboh,   17   (1923),   No.  6,  p.   106. 
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quick  chilling  would  put  an  end  to  the  previous  slow  growth  and  accumu- 
lation of  separate  phases  under  deep-seated  conditions  and  that,  since 
this  interruption  may  take  place  at  any  stage  of  the  cooling  process, 
every  step  in  the  formation  of  separate  phases  would  be  revealed.  When 
we  turn  to  lavas  we  find  a  wealth  of  information  regarding  steps  in  the 
separation  of  crystals  but  none  as  to  the  separation  of  liquid  phases. 
Lavas  would  reveal  interrupted  unmixing,  were  it  a  general  phenomenon, 
just  as  plainly  and  as  freely  as  they  reveal  interrupted  crystallization. 

The  best  type  of  evidence  of  the  existence  of  one  liquid  as  an  immis- 
cible separation  from  another,  and  one  that  would  involve  the  element 
of  interpretation  in  minimum  degree,  would  be  the  occurrence  of  glassy 
globules  in  a  glassy  rock  of  different  composition.  Even  here  there  would 
be  the  possibility  of  interpreting  the  globules  as  inclusions  of  an  adjacent 
glassy  rock  that  had  become  rounded,  but  if  collateral  evidence  per- 
mitted the  elimination  of  this  possibility  the  indications  would  be  very 
strong  that  one  liquid  occurred  as  immiscible  globules  in  another.  If 
immiscibility  were  a  common  phenomenon  such  globules  would  be  com- 
mon in  glassy  lavas.  The  facts  are  that  they  are  utterly  lacking. 

Tanton  recently  described  an  example  of  a  globule-bearing  quartz 
porphyry  which,  according  to  his  claims,  presented  the  type  of  relation 
just  described.^  Bain  has  interpreted  the  globules  as  foreign  inclusions, - 
and  yet  another  interpretation  has  been  offered  by  Bowen.^  The  latter  was 
based  on  a  single  altered  specimen,  submitted  by  Tanton,  which  con- 
tained no  discernible  glass  in  either  globule  or  matrix  and  the  conclusion 
then  reached  was  that  the  rounded  masses  (globules)  were  residuals  of 
alteration.  Greig  has  since  made  a  detailed  study  of  the  occurrence  in  the 
field  and  of  numerous  specimens  there  obtained  and  has  reached  the 
conclusion  that  the  globules  are  the  result  of  spherulitic  crystallization. ■* 
It  is,  in  fact,  as  typical  an  example  of  this  as  one  could  well  find.  He  has 
shown  that  there  are  no  glassy  globules  but  only  globules  whose  shape 
and  general  character  are  determined  by  spherulitic  crystallization. 
There  are  no  bands  that  can  be  interpreted  as  the  result  of  drawing  out 
of  these  globules  when  they  were  liquid,  for  the  globules  may  occur  in 
typical  rounded  form  where  the  banding  is  most  marked  and  a  single 
globule  may  traverse  several  bands  with  complete  indifference.  Indeed, 
there  is  no  evidence  that  the  globules  existed  when  the  mass  was  entirely 
liquid.  They  came  into  existence  as  the  result  of  partial  crystallization 
and  are  simply  spherulites.  In  some  altered  facies  of  the  rock  the  spheru- 
lites  occur  as  residuals  of  alteration  so  that  this  interpretation  is  not 
incorrect   and   is   a   quite   reasonable   one   if   only   the   altered   facies   is 

1  T.  L.  Tanton,  Jour.  Geol.,  33,   1925,  p.  629. 

2  G.  W.  Bain,  Amer.  Jour.  Sci.,  11,  1926,  pp.  74-88. 

3  N.  L.  Bowen,  Jour.  Geol.,  34,   1926,  pp.  71-3. 

4  J.   W.   Greig,  Amer.  Jour.   Set.,   15,   1528,  pp.   375-402. 
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available  for  observation.  It  is,  however,  only  half  the  story,  Greig's 
observations  showing  why  those  residuals  have  the  form  of  globules. 
They  are  spherulites  which,  in  virtue  of  a  difference  of  type  or  of 
degree  of  crystallization,  have  resisted  alteration,  at  least  of  a  certain 
kind,  better  than  the  surrounding  matrix.  This  supposed  example  of 
immiscible  globules  in  lava  does  not,  therefore,  withstand  the  test  of 
critical  examination. 

Though  evidence  of  unmixing  would  be  commonest  in  lavas  it  would 
nevertheless  be  common  enough  in  other  rocks.  There  is,  as  a  matter  of 
fact,  but  one  excessively  rare  type  of  structure  in  plutonic  rocks  that 
bears  a  resemblance  to  the  product  of  crystallization  of  a  liquid  suspen- 
sion and  has  been  so  interpreted.  This  is  the  orbicular  structure.  Back- 
strom,  Daly,  and  others  have  expressed  adherence  to  the  view  of  this 
structure  noted  above  and  recently  Asklund  has  appealed  to  immisci- 
bility  as  the  cause  of  variation  in  a  series  of  rocks,  the  rare  local  occur- 
rence of  orbicular  structure  being  the  only  tangible  evidence  bearing  on 
the  question  that  he  is  able  to  produce.  He  does,  however,  give  a  rather 
detailed  discussion  of  the  processes  that  he  believes  to  have  occurred, 
which  is  more  than  any  other  adherent  of  these  views  has  ever  done,  and 
he  therefore  presents  something  definite  for  discussion.  He  pictures  a 
process  that  involves  the  breaking-up  of  dioritic  magma  into  two 
magmas,  the  one  producing  a  hornblende  granite  and  the  other  a  norite. 
The  norite  and  quartz-plagioclase  nodules  of  the  diorites  represent  this 
process  interrupted  by  crystallization.  The  granitic  magma  is  believed 
to  have  further  unmixed,  and  various  other  complications  are  assumed 
which  need  not  concern  us  here.  The  first  process  mentioned  is  essen- 
tially that  advocated  by  several  petrologists,  that  is,  the  splitting-up 
of  dioritic  magma  into  granitic  and  gabbroic  magma.  It  is,  for  example, 
not  infrequently  invoked  to  explain  the  association  of  dolerite  (or 
gabbro)  and  granophyre.  The  proponent  of  unmixing  has  always  had 
a  very  marked  advantage  over  him  who  would  explain  the  diversity  of 
igneous  rocks  in  terms  of  crystallization.  Since  nothing  is  known  of  the 
successive  stages  of  the  supposed  unmixing  in  such  liquids,  either  from 
the  evidence  of  natural  magmas  or  from  experimental  evidence,  one  who 
claims  unmixing  can  not  be  required  to  show  the  detailed  correspondence 
of  the  result  with  the  expectations  of  the  process.Hemay  merely  make  the 
bald  statement  that  unmixing  occurred  and  his  task  is  finished,  or,  at 
least,  so  it  has  seemed  hitherto. 

As  a  matter  of  fact  there  is  a  very  simple  test,  arising  from  theoretical 
considerations,  that  can  be  applied  to  any  pair  of  liquids  for  which  an 
immiscible  relation  may  be  proposed.  It  is  to  be  remembered  that  un- 
mixing is  a  manifestation  of  phase  equilibrium  and  two  liquids  which 
constitute  an  immiscible  pair  are  in  equilibrium  with  each  other.  Not 
only  are  they  in  equilibrium  with  each  other  but  both  must  be  in  equili- 
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brium  with  any  additional  phase  that  may  be  formed.  Thus  in  the  asso- 
ciation, gabbro-granophyre,  if  it  is  assumed  that  their  liquids  constitute 
an  immiscible  pair  and  if  we  imagine  that  they  are  cooled  until  crystalli- 
zation begins  in  one  of  them,  then  the  crystals  formed  in  it  should  be 
in  equilibrium  with  the  other  liquid  as  well.  At  a  stage  when  the  gabbroid 
liquid  is  in  equilibrium  with  plagioclase  of  composition  Abg^An^g  (and 
there  is  such  a  stage),  the  associated  granophyre  liquid  should  also  be  in 
equilibrium,  not  merely  with  some  plagioclase,  but  with  the  precise 
plagioclase  Ab^j^  An^g  and  any  crystals  that  might  migrate  across  the 
border  into  the  granophyre  liquid  would  be  entirely  at  home  there.  We 
know  perfectly  well,  however,  that  there  is  no  stage  at  which  granophyre 
liquid  is  at  equilibrium  with  so  basic  a  plagioclase.  Any  petrologist  who  is 
willing  to  take  the  trouble  of  applying  the  same  considerations  to  any 
of  the  other  crystalline  phases  of  either  gabbro  or  granophyre  can  readily 
convince  himself  that  there  is  no  stage  of  crystallization  at  which  the 
crystals  in  equilibrium  with  either  one  would  also  be  in  equilibrium  with 
the  other. 

We  thus  find  that  the  concept  of  immiscibility  is  a  complete  failure 
as  an  explanation  of  the  association,  gabbro-granophyre,  rhyolite-basalt 
and  similar  associations  for  which  it  has  been  invoked.  Indeed,  no  one  has 
ever  advanced  any  good  reason  for  advocating  it.  In  the  former  associa- 
tion the  granophyre  is  so  plainly  a  crystallization  residuum  of  the 
gabbro,  occupying  crystallization  interstices,  that  it  is  surprising  to  find 
any  other  relation  suggested.  In  the  case  of  rhyolite  and  basalt  we  have 
an  association  which,  while  frequent,  is  none  the  less  a  random  one  in 
that  they  are  far  removed  from  the  place  and  conditions  of  their  origin, 
and  when  they  have  accidentally  come  together  while  still  at  a  high 
temperature  they  show  a  disposition  to  mix  which  is  wholly  at  variance 
with  an  immiscible  relation. 

If  we  return  now  to  the  specific  assumptions  made  by  Asklund  we 
find  that  he  gives  a  diagram  indicating  the  relations  between  the  various 
immiscible  liquids  with  respect  to  their  feldspar  content,  which  diagram 
is  reproduced  here  as  Pig.  3.  Asklund  says,  "In  this  diagram  P,  represents 
the  supposed  parental  magma.  It  was  broken  up  into  A,  and  G,,  each  of 
which  broke  up  into  separate  magmas.  A^  was  differentiated  into  B 
fgabbro-magma)  and  granites  richer  in  plagioclase  than  the  particular 
magmas  of  G,.  In  deeper  situations  the  sinking  magma  B  was  dissolved 
in  Pj,  which  consequently  grew  more  basic,  P„.  When  intruded  this  com- 
plex magma  broke  up  into  A.,  and  G._,  and  later  on  A.  broke  up  into  N 
(noritic  gabbro)  and  hornblende-bearing  granite.  Go  formed  quartz 
granites  and  coarse  two-mica  granite."  The  first  portions  of  this  we  can 
not  test  by  any  reference  to  the  rocks  because  there  are  no  corresponding 
rocks,  and  only  when  noritic  gabbro  and  hornblende-bearing  granite  are 
pictured  as  an  immiscible  pair  do  we  reach  something  tangible  for  dis- 
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cussion.  We  must  regard  the  two  liquids  as  existing  in  equilibrium  and 
apply  the  test  of  joint  equilibrium  with  a  crystalline  phase  and  we  find 
that  the  concept  breaks  down  completely  under  this  test.  On  the  other 
hand  if  we  compare  the  diagram  (Fig.  3)  with  Asklund's  own  diagram 


Fig.  3.  Diagram  (after  Asklund)  illustrating  the  differentiation  of  the  Stavsjo 
rocks  with  respect  to  the  feldspar  relations.  The  dots  indicate  the  analyzed  rocks. 

of  a  "Survey  of  the  crystallization  of  the  feldspars  in  the  noritic  gabbro," 
here  reproduced  as  Fig.  4,  we  note  a  most  remarkable  correspondence 
between  the  directions  of  differentiation  in  this  assumed  unmixing  and 
the  direction  actually  taken  by  the  liquid  as  it  changes  composition 
through  crystallization.  It  is  to  be  remembered  that  this  is  the  actual 
course  of  crystallization  as  deduced  by  Asklund  himself  from  the  study 
of  thin  sections.  It  is  plain  enough  from  this  diagram  alone  (Fig.  4) 
that  fractional  crystallization  of  the  basic  magma  could  give,  if  not  the 
whole  series  of  rocks,  at  least  the  principal  types. 

There  is  one  aspect  of  the  question  of  liquid  immiscibility  that  appar- 
ently requires  to  be  pointed  out,  though  it  should  not.  If  one  assumes 
that  the  association  basalt-rhyolite,  without  intermediate  types,  demon- 
strates the  immiscibility  of  these  two  liquids,  the  acme  of  absurdity  is 
reached  if  one  then  assumes  that  the  basaltic  liquid  resulting  from  this 
unmixing  can  dissolve  solid  granite.  The  two  assumptions  are  utterly 
incompatible.  It  is  because  liquid  silicates  and  liquid  platinum  are  im- 
miscible that  one  can  make  silicate  melts  in  a  platinum  crucible  without 
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danger  of  attack  on  the  crucible.  It  is  because  one  silicate  liquid  is  nor- 
mally miscible  with  any  other  silicate  liquid  that  one  can  not  make  a  sili- 
cate melt  in  a  tire-clay  crucible  without  attack  on  the  crucible.  And  so  if 
basalt  and  rhyolite  liquids  are  immiscible  then  basaltic  liquid  can  not 
dissolve  granite  or,  per  contra,  if  basaltic  liquid  does  dissolve  granite, 


>'^  Af^^J^         ^<*'^  <^/  '**■  Mdxpar-mixinrfs  durimj  the  ert/staltisatioit 
it     Am    ^.  ...     liftservetl  plaijloclasa 

g^  not      .     ■     mkroMnn 

Fig.  4.     Diagram  (after  Asklund)  illustrathig  the  observed  course  of  crystalliza- 
tion of  the  feldspars  in  the  noritic  gabbro. 

then  basalt  and  rhyolite  can  not  constitute  a  pair  of  immiscible  liquids. 
An  avenue  of  escape  from  these  conclusions  may  seem  to  exist  in  the 
possibility  that  basalt  and  rhyolite  are  miscible  when  very  hot  and  be- 
come immiscible  only  on  cooling.  Very  hot  basaltic  liquid  could,  on  this 
assumption,  dissolve  granite  but  colder  basalt  could  not.  But  the  facts 
indicate  that  basaltic  liquid  within  its  crystallization  range  is  capable 
of  attacking  (dissolving)  granitic  and  related  material.  The  immiscible 
relation  must,  therefore,  exist,  on  this  assumption,  only  at  still  lower 
temperatures  or  well  within  the  crystallization  range  of  basalt,  and  at 
this  stage  the  test  of  joint  equilibrium  with  a  crystalline  phase  of  definite 
composition  is  particularly  applicable,  which  condition  we  have  found 
to  fail. 

A  final  loophole   remains.   Basalt  and   rhyolite  may   be   assumed   to 
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show  the  immiscible  relation  at  very  high  temperatures  but  to  be 
miscible  at  lower  temperatures.  Sucli  a  relation  between  a  pair  of  liquids 
is  not  unknown  and  if  any  petrologist  should  choose  to  assume  that 
this  condition  obtains  for  basalt  and  rhyolite  it  would  be  very  difficult 
to  prove  him  wrong,  but  the  assumption  would  have  nothing  else  to 
recommend  it. 

On  the  basis  of  immiscibility  of  any  kind  it  is  impossible  to  build  up 
an  adequate  explanation  of  the  associated  members  of  rock  series,  which 
is  the  fundamental  problem  of  petrology. 


CHAPTER      III 


FRACTIONAL  CRYSTALLIZATION 


GENERAL  CONSIDERATIONS 

THE  evidences  of  fractional  crystallization  or  crystallization- 
differentiation  in  magmas  are  not,  as  many  seem  to  believe,  the 
fact  that  at  times  it  can  be  demonstrated  that  certain  minerals 
are  concentrated  in  the  lower  layers  of  an  igneous  mass.  Such  observa- 
tions are  serviceable  principally  in  throwing  light  on  one  of  the  methods 
whereby  fractionation  can  originate.  The  real  evidences  are  universally 
present  in  igneous  rocks,  whether  they  reveal  the  method  or  not,  and 
consist  in  the  mmeral  associations  and  antipathies  which  they  charac- 
teristically display. 

Considering  antipathies  first  we  find  that  there  are  certain  actual 
incompatibilities  such  as  that  between  quartz  and  nephelite  which  have 
a  purely  chemical  basis  and  need  not  be  further  considered  here.  In 
addition  to  these  there  are  incompatibilities  of  a  different  kind,  based 
wholly  on  petrogenic  factors.  We  know,  for  example,  that  a  "rock" 
made  up  of  quartz  (or  free  SiOo)  and  very  basic  plagioclase  can  be  and 
has  been  made  in  the  laboratory  but  is  unknown  among  igneous  rocks 
in  nature.  There  is  no  a  priori  reason  why  this  should  be  so,  nor  is  the 
fact  rationally  accounted  for  by  any  of  the  various  theories  of  petro- 
genesis  that  have  been  suggested  except  the  theory  of  fractional  crystal- 
lization. According  to  this  theory  they  belong  too  far  apart  in  a  crystal- 
lization sequence  to  be  associated  in  such  quantities  as  to  make  up  the 
entire  rock.  For  a  similar  reason  igneous  rocks  consisting  of  muscovite 
and  very  basic  plagioclase  or  of  pyroxene  and  quartz  are  unknown  and 
many  other  petrologic  incompatibilities  might  be  mentioned. 

Besides  these  real  incompatibilities  there  are  antipathies  which,  while 
not  strong  enough  to  make  themselves  universally  felt,  are  obvious 
enough  in  a  general  survey  of  igneous  rocks.  Rocks  rich  in  basic  plagio- 
clase tend  to  be  poor  in  orthoclase  and  vice  versa.  Those  rich  in  orthoclase 
never  have  olivine  in  important  amounts.  Abundance  of  biotite  means 
poverty  in  basic  plagioclase. 

Turning   to   the   association   tendencies   of   igneous-rock   minerals  we 
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find  again  the  control  of  crystallization-differentiation.  Rocks  rich  in 
quartz  tend  to  be  rich  in  orthoclase  or  sodic  plagioclase  or  both.  If  a  rock 
has  hornblende  as  its  most  important  ferromagnesian  constituent  it  is 
likely  to  have  intermediate  plagioclase  as  its  principal  feldspathic  com- 
ponent. If  the  feldspathic  mineral  is  basic  plagioclase,  pyroxene  with  or 
without  olivine  tends  to  be  the  principal  femic  constituent.  These,  the 
ordinary,  everyday  facts  about  rocks,  are  the  principal  evidence  of  crys- 
tallization-differentiation. To  be  sure  there  are  many  mineral  association- 
tendencies  in  the  quantitatively  less  important  rocks  that  can  not  at 
present  be  so  readily  traced  to  crystallization-differentiation,  but  those 
of  the  dominant  igneous  series  give  indications  that  are  plain  enough. 
The  detailed  significance  of  these,  which  is  merely  suggested  in  the 
above,  can  be  brought  out  only  in  the  fuller  discussion  of  crystalliza- 
tion on  later  pages.  SufKce  it  to  say  here  that  those  minerals  that  belong 
to  the  same  general  period  of  crystallization  tend  to  be  associated  and 
those  belonging  to  remote  periods  ordinarily  fail  of  association.  The 
controlling  factors  are  thus  analogous  to  those  which  determine  that 
little  girls  ordinarily  play  "London  Bridge"  with  other  little  girls, 
occasionally  with  their  mothers,  seldom  with  their  grandmothers  and 
never  with  their  great-grandmothers.  Not  only  is  it  true  that  these 
association  and  antipathetic  tendencies  point  to  the  control  of  crystalliza- 
tion but  they  make  it  clear  that  igneous  activity  can  not  have  its  origin 
in  remeltings  of  any  random  crustal  material  but  is  in  agreement  with 
geological  evidence  pointing  to  basic  material  as  parental  magmatic 
substance. 

The  full  evidence  that  basic  magma  undergoing  fractional  crystalli- 
zation can  give  rise  to  the  mineral  associations  of  igneous  rocks  can  be 
developed  only  in  the  discussion  on  later  pages. 

FACTORS  BRINGING  ABOUT    FRACTIONATION 
DURING  CRYSTALLIZATION 

Fractionation  or  differentiation  in  a  crystallizing  mass  may  be  brought 
about  in  two  ways :  through  the  localization  of  the  crystallization  of  a 
certain  phase  or  phases  and  through  the  relative  movement  of  crystals 
and  liquid. 

The  outer  parts  of  a  body  of  magma  are  ordinarily  cooler  than  the 
interior  and  there  should  therefore  be  a  period  during  which  crystalliza- 
tion is  taking  place  only  near  the  border.  The  separation  of  crystals 
from  the  peripheral  parts  of  the  mass  necessarily  brings  about  an  im- 
poverishment of  the  liquid  in  the  constituents  separating.  A  composition 
gradient  is  thus  set  up  in  the  liquid  and  a  diffusion  of  substance  into  the 
peripheral  liquid  will  take  place,  with  a  tendency  to  bring  it  to  a  compo- 
sition uniform  with  that  of  the  main  mass  of  liquid  in  which  crystalliza- 
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tion  lias  not  yet  begun.  But  a  liquid  of  such  com[)osition  must  precipitate 
some  of  its  substance  under  the  tem[)erature  conditions  [)revailing  at  the 
border  so  that  the  net  result  of  this  diffusion  process  would  be  the  con- 
tinued growth  of  the  crystals  of  early  separation  at  the  border  and 
continued  impoverishment  of  the  whole  mass  of  liquid  in  the  material 
of  these  crystals.  Real  though  this  tendency  must  be,  it  can  readily  be 
shown  that  diffusion  of  substance,  as  compared  with  diffusion  of  tempera- 
ture, is  altogether  too  slow  to  permit  the  accom[)lishment  of  significant 
results  in  the  time  available  before  com[)lete  solidification  of  the  mass 
has  occurred.  The  constant  of  diffusivity  of  temperature  for  rocks  is  of 
the  order  of  magnitude  0.0 1  cm-  per  second.  The  highest  measured 
coefficient  of  diffusivity  of  mass  in  silicate  melts  is  of  the  order  of 
magnitude  0.25  cm'-'  per  day,  and  for  some  silicates  it  is  much  less.'  The 
rate  of  diffusion  of  temperature  is  thus  at  least  4000  times  as  great  as 
the  rate  of  diffusion  of  substance.  With  such  a  contrast  of  rates  it  can 
readily  be  shown  that  only  effects  of  most  insignificant  magnitude  can  be 
produced  in  a  cooling  mass  by  diffusion  towarci  the  chilled  margin. -' 

There  is  another  possible  process  of  feeding  new  liquid  into  the  cool 
border  that  is  not  necessarily  so  slow  and  in  a  general  way  might  be 
presumed  to  give  a  similar  result.  This  is  convective  circulation.  Some 
circulation  of  this  kind  is  a  practical  necessity  in  the  great  majority 
of  cooling  masses  of  magma  and  it  may  on  occasion  bring  about  the 
result  suggested  for  it.  It  should  be  noted,  however,  that  such  molar 
flow,  in  contrast  with  the  molecular  flow  of  diffusion,  is  in  no  wise 
selective  as  to  the  materials  which  participate  in  it.  When  cool  liquid  at 
the  border  moves  to  give  place  to  warm  liquid  from  below  it  must  carry 
along  its  suspended  crystals.  It  would  seem  that  only  crystals  actually 
attached  to  the  frozen  border  could  receive  a  contribution  to  their  growth 
from  the  incoming  fresh  liquid.  The  laboratory  analogy  frequently  cited 
is  indubitably  of  this  nature.  In  a  laboratory  vessel  containing  a  satu- 
rated solution,  crystals  may  deposit  on  the  walls  and  circulation  of  the 
liquid  may  cause  growth  of  these  crystals  until  a  considerable  deposit 
of  the  salt  occurs  on  the  walls.  Border  facies  of  certain  restricted  igneous 
masses,  say  of  a  pegmatitic  nature,  may  possibly  be  formed  by  such  a 
process  but  the  great  majority  of  large-scale  examples  do  not  suggest  this 
origin.  They  may,  indeed,  be  enriched  in  early-formed  crystals  but  these 
occur  typically  as  discrete  grains  embedded  in  the  general  mass  of  later 
crystallization.  They  could  have  been  nothing  but  suspended  crystals 
at  early  stages  and  must  have  participated  in  any  liquid  circulation  that 
existed.  They  could  not  at  that  time,  then,  have  had  attachment  of  any 
kind,  so  that  it  would  seem  that  the  case  can  not  be  regarded  as  anal- 
ogous to  the  deposit  on  the  laboratory  vessel  cited.  However,  since  the 

1  N.  L.  Bowen,  "Diffusion  in  Silicate  Melts,"  Jour.  GeoL,  29,   1921,  pp.  295-317. 

2  op.  cii.,  pp.  312-16. 
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evidence  of  the  rocks  usually  points  merely  to  the  fact  of  fractional 
crystallization  rather  than  to  the  method  whereby  it  is  accomplished,  it 
is  essential  to  have  in  mind  all  processes  of  fractionation  by  crystalliza- 
tion. 

The  factors  which  are  adequate  to  produce  important  results  in  the 
way  of  fractionation  of  a  crystallizing  magma  would  appear  to  be  thus 
reduced  to  those  involving  the  relative  movement  of  crystals  and  liquid. 
The  movement  may  take  place  under  the  influence  of  gravity  or  under 
the  influence  of  deformative  forces.  The  former  process  must  have  its 
principal  importance  during  the  comparatively  early  stages  of  crystalli- 
zation. The  role  of  the  liquid  is  the  dominantly  passive  one  of  permitting 
motion  of  the  crystals,  though  of  course  a  downward  movement  of  any 
crystal  connotes  the  upward  movement  of  its  volume  equivalent  of  liquid. 

The  second  process,  relative  movement  of  crystals  and  liquid  through 
deformative  agencies,  must  reach  the  height  of  its  effectiveness  only  in 
the  middle  and  late  stages  of  crystallization.  The  liquid  now  assumes 
the  active  role  and  the  crystalline  mesh  may  merely  permit  liquid  to 
pass  through  it  or  it  may  be  broken  down  and  its  constituent  grains  more 
closely  packed  by  rotational  movements  with  consequent  expulsion  of 
the  residual  liquid. 

In  addition  to  these  two  methods  of  separating  crystals  and  liquid  there 
is  a  localized  separation  taking  place  about  individual  growing  crystals 
during  their  zoning  whereby  inner  zones  are  effectively  deterred  from 
participation  in  the  equilibria  involved  in  the  later  stages  of 
crystallization. 

Of  the  reality  of  the  two  processes  of  gravitational  and  deforma- 
tional  differentiation  during  crystallization  and  perhaps  also  of  the 
zonal  effect  no  question  is  likely  to  be  raised.  Of  their  general  adequacy 
to  explain  the  diversity  of  igneous  rocks  much  doubt  is  frequently 
expressed.  Many  investigators  make  the  mistake  of  regarding  the  ques- 
tion of  crystallization-differentiation  and  of  the  sinking  of  crystals  as 
identical,  when  for  proper  discussion  the  deformational,  the  gravitational 
and  the  zonal  effects  should  be  considered.  Certainly  the  assemblages 
of  minerals  that  we  know  as  rocks  are  such  as  to  indicate  that  the  forces 
in  control  caused  a  grouping  of  minerals  of  the  same  general  period 
of  crystallization  and  a  separation  of  those  of  remote  periods,  and  this  is 
the  result  toward  which  the  three  processes  mentioned  would  tend. 

The  principal  objections  raised  against  crystallization-differentiation 
have  not  been  concerned  with  its  adequacy  to  produce  these  results.  They 
have  turned  rather  upon  the  fact  that  many  igneous  masses  of  great 
dimensions  fail  to  show  differences  of  composition  between  one  part  and 
another.  In  the  case  of  deformational  differentiation  possible  reasons 
for  its  absence  are  so  obvious  that  examples  of  lack  of  differentiation 
have  not  been  urged  against  it.  In  the  case  of  the  gravitative  effect,  how- 
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ever,  absence  of  differentiation  in  certain  masses  has  been  regarded  as 
proof  that  gravity  can  never  give  the  results  referred  to  it.  Such  examples 
are,  however,  equally  cogent  evidence  against  any  other  process  of  differ- 
entiation, indeed  against  the  fact  of  differentiation  itself. 

At  first  sight  it  might  appear  that,  since  gravity  never  takes  a  holiday, 
it  is  somewhat  more  reasonable  to  assume  that  a  process  of,  let  us  say, 
gas  transportation,  was  inoperative  in  individual  instances  than  that 
gravity  was  inoperative.  The  appearance  is,  however,  deceptive  for  it 
is  not  a  question  of  lack  of  gravity  but  a  lack  of  the  gravltative 
effect,  and  to  account  for  this  it  is  only  necessary  to  assume  that  the 
factors  opposing  the  gravitative  effect  were  dominant.  Nor  can  the 
necessity  of  such  an  assumption  be  regarded  as  a  weakness  peculiar  to 
the  hypothesis  of  the  general  prevalence  of  gravitative  control,  for  the 
same  assumption  of  incompetence  has  to  be  made  for  any  other  process 
as  applied  to  those  particular  instances.  Indeed  it  is  not  merely  this 
general  assumption  that  will  of  necessity  be  the  same  for  various  pro- 
cesses but  the  specific  assumptions  as  to  the  factors  opposing  differentia- 
tion will  likewise  be  similar.  Thus,  in  the  case  of  gravity,  it  may  be 
assumed  that  motion  of  the  liquid  kept  it  stirred  or  that  the  viscosity 
was  too  great  to  permit  significant  effects  in  the  time  available,  and  pre- 
cisely these  assumptions  must  be  made  to  explain  lack  of  results  on  the 
part  of  practically  any  other  process. 

The  great  majority  of  exposures  of  igneous  rocks  do  not,  indeed, 
furnish  evidence  of  the  manner  of  their  genesis,  but  considered  as  mem- 
bers of  the  series  of  rocks  with  which  they  are  associated  they  furnish 
evidence  of  crystallization-differentiation  usually  without  indicating 
which  method  of  fractionation  has  dominated.  The  evidences  of  fractional 
crystallization  must  consist  in  a  detailed  comparison  of  the  results  to  be 
expected  from  the  process  with  the  features  of  rocks  as  we  find  them. 
It  is  the  purpose  of  this  work  to  attempt  this  comparison.  When  a  similar 
comparison  is  made  for  any  other  hypothesis  of  the  factors  controlling 
igneous  differentiation  and  a  similar  degree  of  correspondence  is  found, 
that  hypothesis  may  then  be  regarded  as  having  an  equal  basis  of 
probability  and  only  then. 


CHAPTER     IV 

CRYSTALLIZATION  IN  SILICATE  SYSTEMS 

THE  general  problem  of  the  crystallization  of  igneous  magmas 
is  the  problem  of  crystallization  in  polycomponent  systems.  It 
has  frequently  been  stated  in  the  past,  and  is  still  occasionally 
stated,  that  crystallization  in  polycomponent  systems  is  a  simple  matter, 
that  it  begins  with  the  separation  of  one  of  the  components,  which  is  later 
joined  by  another,  the  pair  by  a  third,  and  so  on  until  final  crystalliza- 
tion of  the  polycomponent  eutectic  occurs.  This  is  said  to  be  analogous 
to  determined  facts  in  alloy  systems  and  aqueous  salt  solutions.  As  a 
matter  of  fact  a  glance  at  a  collection  of  alloy  diagrams  and  a  brief 
study  of  Van't  Hoff's  work  on  oceanic  salts  should  convince  anyone 
that  the  determined  facts  for  alloys  and  solutions  do  not  justify  such 
a  statement.  But  even  if  the  determined  results  of  alloy  and  other  sys- 
tems did  reveal  the  condition  above  outlined  it  would  not  constitute  any 
valid  reason  for  expecting  such  relations  in  silicate  systems  in  the  face 
of  definite  evidence  to  the  contrary.  There  is  now,  indeed,  a  considerable 
body  of  experimental  results  on  silicate  systems  and  these  furnish  us 
with  a  much  more  reliable  basis  for  the  discussion  of  the  crystallization 
of  rocks  than  any  supposed  analogy  with  alloy  and  other  systems,  par- 
ticularly if  these  are  ill-chosen. 

The  accumulated  data  upon  silicate  systems  offer  us  aid  in  two  ways. 
They  furnish  us  with  definite  facts  concerning  the  behavior  of  certain 
silicates  and  their  mixtures  under  varying  conditions  of  temperature 
and  pressure.  They  reveal  the  types  of  inter-relationship  commonly  dis- 
played by  silicates  and  the  fundamental  factors  controlling  these  and 
thus  permit  us  to  deduce  principles  of  more  general  applicability.  It  is 
our  immediate  purpose  to  consider  what  appear  to  be  the  most  pertinent 
data,  having  in  mind  this  dual  service. 

In  the  following  pages  a  number  of  silicate  systems  that  have  been 
studied  experimentally  will  be  described  and  discussed.  There  will  be  no 
multiplication  of  systems  and  diagrams.  Each  is  intended  to  bring  out 
some  fact  or  principle  of  importance  in  connection  with  the  crystalliza- 
tion (particularly  the  fractional  crystallization)  of  magmas  and,  insofar 
as  possible,  systems  will  be  chosen  that  have  crystalline  phases  closely 
related  to  rock  minerals. 
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BINARY   SYSTEM    WITH   EUTECTIC 

The  binary  eutectic  system  is  ordinarily  considered  the  simplest.  An 
example  is  afforded  by  anorthite  CaAl.SioO^  and  diopside  CaMgSi„0,., 
the  one  an  end  member  of  the  plagioclase  group,  the  other  an  end 
member  of  the  pyroxene  group. ^  The  relation  revealed  by  experiment 
is  shown  in  Fig.  5.  The  diagram  shows  the  melting  point  of  anorthite 
at  1550°C  and  of  diopside  at  1391  °C.  Each  lowers  the  melting  point 
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of  the  other.  The  curves  of  melting  (or  freezing)  point  meet  at  1270° 
and  at  the  composition,  42  per  cent  anorthite- 5'8  per  cent  diopside  (E), 
which  are  therefore  the  eutectic  temperature  and  composition  for  mix- 
tures of  these  two  compounds.  A  mixture  of  the  composition  50  per  cent 
anorthite-50  per  cent  diopside  begins  to  crystallize  at  1328°  (H)  with 
the  separation  of  anorthite.  As  the  temperature  falls  anorthite  continues 
to  separate  and  the  liquid  changes  in  composition  along  the  curve  HE, 
that  is,  becomes  riclier  in  diopside.  At  1270°  wlien  the  liquid  has  the 
composition  E  diopside  begins  to  crystallize  and  thereafter  diopside  and 
anorthite  separate  in  constant  proportion,  the  liquid  remaining  of  con- 
stant composition  and  the  temperature  remaining  at  1270°  until  the 
whole  mass  has  crystallized. 

If,  during  the  early  stages  of  crystallization,  some  of  the  anorthite 

1  N.  L.  Bowen,  Amer.  Jour.  Sci.,  40,  1915,  p.  164. 
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crystals  were  removed  or,  say,  settled  to  the  bottom,  no  effect  upon  the 
course  of  crystallization  would  result  therefrom.  The  composition  of  the 
last  liquid  to  crystallize  and  the  temperature  of  final  crystallization 
would  be  exactly  the  same  in  the  part  to  which  the  crystals  had  moved 
and  in  the  part  from  which  they  had  moved. 

The  melting  of  the  same  mixture  of  diopside  and  anorthite  is  exactly 
the  reverse  of  the  process  described  above.  When  the  temperature  1270° 
is  attained  some  liquid  begins  to  form,  and  with  further  addition  of  heat 
the  temperature  remains  constant  until  all  of  the  diopside  and  most  of 
the  anorthite  has  melted,  the  liquid  maintaining  the  composition  E.  As 
soon  as  the  diopside  has  entirely  disappeared  the  temperature  will 
begin  to  rise  and  solution  of  anorthite  will  take  place,  the  liquid  changing 
in  composition  along  the  curve  EH  until  at  1328"  all  the  anorthite 
has  dissolved. 

In  a  mixture  in  which  diopside  is  present  in  excess  over  the  eutectic 
mixture  the  diopside  separates  first  on  cooling  and  dissolves  last  on 
heating  in  the  same  manner  as  does  anorthite  in  the  mixture  described 
above.  But  in  all  cases  the  final  liquid  suffering  crystallization  upon 
cooling  or  the  first  liquid  formed  upon  heating  has  the  composition  of 
the  eutectic  (E).  Relative  movement  of  crystals  and  liquid  (crystal  frac- 
tionation) could  give  rise  upon  complete  crystallization  to  a  mass  locally 
enriched  in  either  anorthite  or  diopside  but  to  no  other  contrast  of  one 
part  with  another.  Selective  fusion  of  a  crystalline  mixture  can,  likewise, 
give  no  other  contrast  of  one  part  with  another, 

BINARY    SYSTEM    WITH   A    COMPOUND    HAVING   A    CONGRUENT 
MELTING    POINT 

Probably  the  next  simplest  type  of  binary  system  is  one  with  a  com- 
pound having  a  congruent  melting  point.  It  is  not  easy  to  find,  among 
investigated  silicate  systems,  a  simple  example  uncomplicated  by  solid 
solution,  inversion,  or  some  other  modifying  influence.  As  simple  as  any 
is  the  binary  system,  sodium  metasilicate-silica  which  shows  the  com- 
pound, sodium  disilicate.^  The  equilibrium  diagram  is  shown  in  Fig.  6, 
The  diagram  is  divided  into  two  parts,  the  line  of  separation  lying  at  the 
composition  of  the  compound,  and  a  maximum  occurs  on  the  curve  of 
melting  points  (liquidus)  at  the  com{)osition  of  the  compound.  When  a 
maximum  occurs  at  the  composition  of  the  compound  the  compound  melts 
to  a  liquid  of  its  own  composition  and  is  therefore  said  to  melt  congru- 
ently.  Each  of  the  two  parts  of  the  diagram,  as  divided  at  the  composition 
of  the  compound,  is  a  simple  eutectic  system.  The  crystallization  of  any 
mixture  is  exactly  like  that  in  any  eutectic  system,  the  mixtures  on  the 
one  side  of  the  compound  proceeding   to  the   one   eutectic   and   those 

1  G.  W.  Morey  and  N.  L.  Bowen,  JouT.  Phys.  Chcm.,  28,   1924,  pp.   1167-79. 
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on  the  other  side  proceeding  to  the  other  eutectic  with  falling  tem- 
perature. In  view  of  the  description  of  crystallization  in  a  eutectic  system 
given  in  the  foregoing  it  is  not  necessary  to  describe  the  crystallization 
of  any  mixture.  A  mixture  having  less  silica  than  the  disilicate  com- 
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Fig.  6.     Equilibrium  diagram  (after  Morey  and  Bowen)   of  the  system,  sodium 
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pound  must  crystallize  to  disilicate  and  metasilicate.  A  mixture  contain- 
ing more  silica  than  the  disilicate  compound  must  crystallize  to  disilicate 
and  silica.  By  no  process  of  crystal  fractionation  can  a  mixture  contain- 
ing less  silica  than  the  compound  be  induced  to  crystallize  in  such  a  way 
as  to  give  rise  to  free  silica.^  We  shall  see  that  this  is  not  always  true 

1  The  behavior  of  a  crystalline  mixture  on  heating  is  simply  the  reverse  of  the  behavior  of  a 
liquid.  The  first  liquid  is  formed  at  the  eutectic  of  the  subsystem  in  which  the  mixture  lies  and 
by  no  process  of  selective  fusion  can  a  liquid  in   the  other  subsystem  be  obtained  from  it. 
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of  systems  showing  a  compound ;  more  explicitly  stated,  it  is  not  true 
of  a  system  in  which  a  compound  having  an  incongruent  melting  point 
occurs. 

BINARY  SYSTEM  WITH  A  COMPOUND  HAVING  AN   INCONGRUENT 
MELTING  POINT 

As  an  example  of  a  system  with  a  compound  having  an  incongruent 
melting  point  we  may  take  the  system,  forsterite  (Mg.,SiOj) -silica 
(SiOo)  which  shows  the  compound,  clino-enstatite  (MgSiOg).  The  equi- 
librium diagram  is  given  in  Fig.  7.^   In  this  system  the  melting  point 
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Fig.  7.     Equilibrium  diagram   (after  Bowen  and  Andersen)    of  the  system,  for- 
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curve  (liquidus)  of  forsterite  falls  from  the  melting  point  of  forsterite 
at  1890°  and  is  not  intercepted  by  another  curve  until  it  passes  beyond 

1  N.  L.  Bowen  and  Olaf  .Andersen,  Amer.  Jour.  Sci.,  37,   1914,  pp.  487-500. 
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the  composition  of  the  compound  clino-enstatite  (MgSiOa).  There  is  thus 
no  maximum  on  the  liquidus  at  the  composition  of  the  compound, 
MgSiO;,,  and  when  tliat  compound  is  heated  it  melts  with  decomposi- 
tion at  1557°,  giving  forsterite  and  a  liquid  containing  more  silica  than 
MgSi03.  The  compound,  MgSiO.,,  is  therefore  said  to  melt  incongruently. 

The  crystallization  of  mixtures  of  Mg^SiO,  and  MgSiO.;  takes  place, 
when  perfect  equilibrium  obtains,  in  the  following  manner:  Forsterite 
crystallizes  out  first  and  increases  in  amount  until  the  temperature 
1557°  is  reached.  At  this  temperature  the  liquid  has  the  composition  D 
and  clino-enstatite  begins  to  crystallize  out,  forsterite  to  redissolve  or  to 
react  with  liquid  to  produce  more  clino-enstatite,  this  process  continuing 
until  all  the  liquid  is  used  up  and  the  whole  consists  of  forsterite  and 
clino-enstatite.  In  pure  MgSiOo  the  early  separation  of  forsterite  takes 
place  in  the  same  way,  but  at  the  reaction  temperature  (i557^)  ^^^  ^^^^ 
of  the  liquid  and  the  last  of  the  forsterite  are  used  up  at  the  same 
instant  and  the  whole  consists  of  clino-enstatite. 

In  compositions  between  MgSiO^  and  the  point  D,  forsterite  separates 
first  as  before,  even  although  the  liquid  has  an  excess  of  silica  over  the 
composition  MgSiO,.  At  the  reaction  point  it  is  completely  resorbed, 
leaving  clino-enstatite  and  some  liquid.  With  further  lowering  of  tem- 
perature clino-enstatite  continues  to  separate  until,  at  1543°,  when  the 
liquid  has  the  composition  E,  cristobalite  separates  also  and  the  whole 
crystallizes  at  this  temperature,  giving  a  mixture  of  clino-enstatite  and 
cristobalite. 

Such  is  the  behavior  of  these  mixtures  when  complete  equilibrium 
is  attained.  However,  with  quick  cooling,  equilibrium  is  not  attained  and 
a  preparation  of  composition  MgSiO^  will  then  crystallize  to  a  mixture 
of  clino-enstatite,  silica,  and  forsterite.  The  same  fact  is  true  of  all 
mixtures  lying  between  MgnSi04  and  D,  the  reason  being  that  with  quick 
cooling  the  liquid  of  composition  D,  instead  of  reacting  with  Tredissolv- 
ing)  forsterite  at  1557°,  simply  crystallizes,  as  the  temperature  falls 
quickly  below  this  point,  to  a  mixture  of  MgSiO.,  and  silica.  Such  mix- 
tures containing  both  forsterite  and  silica  are  unstable  but  will  persist 
indefinitely. 

It  is  obvious  that  the  same  failure  of  the  liquid  D  to  react  with  for- 
sterite would  result  if  the  forsterite  were  removed.  Thus  any  mixture 
lying  between  forsterite  and  D  might  be  crystallized  in  such  a  way  that 
during  the  period  of  crystallization  of  forsterite  there  was  relative 
movement  of  crystals  and  liquid.  In  such  a  case  there  would  be  an 
excess  of  forsterite  in  some  parts  and  those  [)arts  would  crystallize  to 
forsterite  and  clino-enstatite.  In  other  parts  there  would  be  an  excess 
of  liquid.  The  small  amount  of  forsterite  would  there  be  used  up  by  the 
liquid  with  concomitant  formation  of  clino-enstatite  and  finally  the 
liquid  would  crystallize  to  clino-enstatite  and  free  silica. 
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By  crystal  fractionation  in  such  mixtures,  then,  there  may  result  not 
merely  different  proportions  of  mineral  compounds  in  the  different 
fractions  but  actually  a  different  assemblage  of  compounds.  Fractiona- 
tion may  bring  it  about  that  in  any  mixture,  however  rich  in  forsterite, 
the  liquid  may  run  down  to  the  clino-enstatite-silica  eutectic  with  pre- 
cipitation of  some  free  silica.  The  fundamental  controlling  factor  is  the 
incongruent  melting  of  MgSlO;j. 

It  is  important  to  note  that  melting  of  mixtures  of  this  system  is,  in 
many  cases,  not  simply  the  reversal  of  the  crystallization.  Thus,  as  we 
have  seen,  a  liquid  which  is  a  mixture  of  MgoSiO^  and  MgSiO.j  (i.e., 
has  a  deficiency  of  SiO,  with  respect  to  the  compound  MgSiOg)  may 
be  cooled  in  such  a  way  as  to  give  a  final  liquid  containing  excess  SiO, 
and  crystallizing  only  when  the  temperature  has  fallen  to  the  eutectic 
1^42°.  But  one  can  heat  any  crystalline  mixture  of  MgoSiO^  and 
MgSiO.^  for  an  indefinite  period  at  a  temperature  somewhat  above  the 
eutectic  1542°  without  the  formation  of  any  liquid,  indeed  no  liquid  will 
form  until  the  temperature  is  raised  to  the  reaction  point  D  (iS'5'7°),  the 
temperature  of  complete  consolidation  of  the  perfect  equilibrium  type. 
Thus  selective  fusion  is  not  simply  the  reverse  of  fractional  crystalliza- 
tion. But  if  the  liquid  formed  in  the  above  case  of  selective  fusion  at 
155'7°  be  separated  from  crystals,  allowed  to  crystallize  and  the  product 
subjected  to  a  temperature  of  1542°  some  liquid  will  form  by  selective 
fusion  at  that  temperature.  Thus  repeated  selective  fusion  may  give  the 
same  result  as  that  obtained  in  a  single  course  of  fractional 
crystallization. 

BINARY   SYSTEM   WITH   MORE  THAN   ONE   COMPOUND   HAVING 
AN   INCONGRUENT  MELTING  POINT 

There  may,  of  course,  be  several  compounds  in  any  binary  system  and 
any  or  all  of  them  may  melt  congruently  or  again  any  or  all  of  them 
may  melt  incongruently.  Where  there  are  two  or  more  adjacent  com- 
pounds that  melt  incongruently  the  possible  effects  of  fractionation  are 
correspondingly  increased.  An  example  is  furnished  by  the  system  potas- 
sium metasilicate  (K^SiO.,)-water  ( H.O)  with  the  two  compounds,  hemi- 
hydrate  and  mono-hydrate,  both  of  which  melt  incongruently.^  The 
equilibrium  diagram  is  given  in  Fig.  8.  A  mixture  of  the  composition  X 
begins  to  crystallize  at  800°  with  the  separation  of  K.SiO..,  and  this 
continues  to  separate  until  the  temperature  has  fallen  to  600°  when  the 
liquid  has  the  composition  B.  At  this  temperature  the  liquid  reacts  with 
the  crystals  of  KoSiOg  and  converts  a  part  of  them  to  KoSiO.,  .  ^HoO, 
the  temperature  remaining  constant  until  all  the  liquid  is  used  up  by 
this  reaction.  But  if  crystal  fractionation  had  occurred,  that  is,  if  the 

1  G.  W.  Morey  and  C.  N.  Ftnner,  Jour.  Amer.  Chem.  Soc,  39,   15^7,  p.   1208. 
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crystals  had  accumulated  in  one  part  of  the  liquid  and  another  part  had 
been  nearly  freed  of  them,  then  in  tlie  latter  part  there  would  be  some 
liquid  of  composition  B  in  excess  of  that  necessary  to  react  with  crystals. 
The  remaining  liquid  would  therefore  continue  its  crystallization  with 
the  separation  of  K.SiO.j  .  y^H.,0  and  the  temperature  would  fall  to 
380°  when  the  liquid  would  have  the  composition  C.  At  this  temperature 
the  liquid  would  react  with  the  crystals  and  would  convert  a  part  of 
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Tic.  8.     Equilibrium  diagram  (after  Morey  and  Fenner)  of  the  system,  potassium 
metasilicate-water  (redrawn  in  wt.  per  cent). 


them  to  KoSiO..  .  H.O,  being  itself  used  up  in  the  process.  But  again,  if 
there  had  been  crystal  fractionation  in  the  meantime  and  a  part  of  the 
liquid  had  been  nearly  freed  of  crystals,  this  liquid  would  continue  to 
crystallize  with  separation  of  K.SiO:.  .  H^O,  a  process  which  would  con- 
tinue at  least  until  a  temperature  of  200°  was  reached. 

The  possibility  of  such  results  from  fractionation  depends  entirely 
upon  the  incongruent  melting  of  the  two  compounds.  We  have  seen  that 
a  mass  which,  without  fractionation,  would  be  completely  crystalline 
at  600°  may,  with  adequate  fractionation,  become  completely  crystalline 
only  locally  at  that  temperature,  whereas  in  other  parts  it  would  become 
completely  crystalline  at  380°  and  in  yet  other  parts  there  would  still 


CRYSTALLIZATION   IN  SILICATE  SYSTEMS  33 

be  some  liquid  left  at  200°.  And  although  the  study  of  the  mixtures  has 
not  been  extended  to  such  low  temperatures,  there  is  no  question  that 
even  at  room  temperatures  there  would  be  some  liquid  (aqueous  solution) 
left  over.  The  importance  of  crystal  fractionation  is  therefore  very 
great  in  such  a  system.'  If  there  is  a  considerable  number  of  compounds 
that  melt  incongruently  the  extent  to  which  the  iinal  liquid  may  be 
offset  in  composition  is,  to  all  intents  and  purposes,  limited  only  by  the 
low-melting  component.  In  this  respect  such  a  system  approaches  the 
continuous  solid  solution  series  without  maximum  'or  minimum.  Indeed, 
such  a  solid  solution  system  might,  from  the  point  of  view  of  fractional 
crystallization,  be  conveniently  regarded  as  .a  system  with  an  infinite 
number  of  compounds  having  incongruent  melting  points.  A  system  with 
a  continuous  series  of  solid  solutions  will  now  be  considered. 

BINARY  SYSTEM  SHOWING  A  COMPLETE  SERIES  OF  SOLID  SOLUTIONS, 
WITHOUT  MAXIMUM   OR  MINIMUM  MELTING  TEMPERATURE 

The  most  familiar  example  of  a  solid  solution  system  without  maxi- 
mum or  minimum  is  the  plagioclase  feldspar  series  with  the  end  mem- 
bers anorthite  (  CaAl.^SioOs )  and  albite  (NaAlSi-.O,).-  The  equilibrium 
diagram  is  shown  in  Fig.  9.  The  melting  point  of  anorthite  is  at  1550° 
and  that  of  albite  at  1100^.  They  form  a  complete  series  of  solid  solu- 
tions whose  melting  intervals  lie  at  temperatures  intermediate  between 
the  melting  points  of  the  components.  A  mixture  of  composition  Ab^An^ 
(A)  begins  to  crystallize  at  1450°,  the  first  crystals  having  the  compo- 
sition about  AbjAn-  (B).  With  further  cooling  and  attainment  of  perfect 
equilibrium  both  liquid  and  crystals  change  their  composition,  the 
liquid  along  the  curve  ACE  and  the  solid  along  the  curve  BDF.  At 
1400°  the  liquid  has  the  composition  C  and  the  crystals  the  composition 
D.  When  the  temperature  has  fallen  to  1285°  the  crystals  have  attained 
the  composition  F  (Ab^Anj)  and  the  liquid  has  just  disappeared,  the  last 
minute  quantity  having  the  composition  E. 

This  continuous  change  in  the  composition  of  the  crystals  with  falling 
temperature  involves  not  only  the  crystals  separating  at  any  instant  but 
also  those  that  had  separated  at  earlier  stages.  The  change  in  composi- 
tion of  these  earlier  crystals  can  be  accomplished  only  by  interchange  of 
material  with  (reaction  with)  the  liquid.  If  there  is  not  sufficient  time 
for  this  action  the  crystals  will  be  layered  or  zoned,  the  inner  zones 
being  the  more  calcic.  When  the  temperature  has  reached  1285°  the 
zone  then  separating  will  have  the  composition  F  as  before,  but  since 
the  inner  zones  have  remained  more  calcic  the  liquid  has  not  been  used 

1  By  heating  a  mixture  of  the  crystalline  hydrates  it  is  impossible  to  obtain  liquid  at  these  low 
temperatures.  The  first  liquid  is  obtained  only  at  the  temperature  of  complete  crystallization  of 
the  perfect  equilibrium  type,  not  the  fractional  crystallization  type.  As  noted  before,  here  again 
it  requires  selective  fusion  oft  repeated  to  give  a  result  comparable  with  fractional  crystallization. 
-'  N.  L.  Bowen,  Amer.  Jour.  Set.,  35,  1913,  pp.  577-99. 
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up  by  reaction  with  the  earlier  zones.  There  will  therefore  still  be  some 
liquid  of  composition  E  remaining  and  this  will  continue  to  crystallize 
with  falling  temperature  and  give  still  more  sodic  zones. 


"'-""'^  V^    PERCENT  ANORTHITE 

Fig.  9.     Equilibrium  diagram  (after  Bowen)  of  the  system,  anorthite-albite. 


The  resultant  product  is  made  up  of  crystals  whose  average  composi- 
tion is,  of  course,  Ab^An,  but  whose  inner  cores  are  much  more  calcic 
and  outer  rims  correspondingly  more  sodic. 

There  is,  theoretically,  a  condition  under  which  this  zoning  may  con- 
tinue until  the  last  deposited  minute  zone  has  the  composition  albite, 
the  last  minute  quantity  of  liquid  having  also  the  composition  of  albite. 
This  represents  the  extreme  of  fractionation.  Less  complete  fractionation 
would  be  expected  in  any  actual  example  because  reaction  between 
liquid  and  crystals  could  not  fail  entirely.  It  is  plain,  however,  that  as  a 
result  of  fractionation  by  zoning  a  continuous  offsetting  of  the  com- 
position of  the  liquid  towards  albite  is  accomplished  and  a  great  increase 
in  the  range  of  consolidation  temperatures  is  brought  about. 

The  fractionation  might  be  effected  in  other  ways,  such  as  by  relative 
motion  of  liquid  and  crystals.   In  such  a  case  any  part   of  the  liquid 
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which  was  continuously  freed  of  crystals  would  have  its  temperature 
of  consolidation  correspondingly  lowered. 

In  the  melting  of  crystalline  Ab^An^  no  liquid  will  form,  as  the  tem- 
perature is  raised,  until  1285°  is  reached.  This  is  therefore  the  reverse 
of  crystallization  with  perfect  equilibrium  but  not  the  reverse  of  frac- 
tional crystallization.  As  we  found  in  the  case  of  a  system  showing  a 
compound  with  an  incongruent  melting  point,  so  in  the  present  system 
it  requires  selective  fusion  oft  repeated  to  give  a  result  approaching 
that  obtained  in  a  single  course  of  fractional  crystallization. 

BINARY   SYSTEM    SHOWING  A   COMPLETE   SERIES   OF    SOLID   SOLUTIONS 
WITH  A  MINIMUM   MELTING  TEMPERATURE 

An  example  of  a  series  of  solid  solutions  with  a  minimum  is  furnished 
by  the  system  gehlenite  (iCaO  .  AUOy  .  Si02)-akermanite  (iCaO  .  MgO  . 
2SiOo).  The  equilibrium  diagram  is  given  in  Fig,   10.^  Crystallization 
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Fig.  10.     Equilibrium  diagram  (after  Ferguson  and  Buddington)  of  the  system, 

gehlenite -akermanite. 


need  not  be  discussed  in  detail.  Any  mixture  of  the  system  becomes  com- 
pletely crystalline  at  a  temperature  above  the  minimum  if  perfect  equi- 
librium (complete  reaction)  between  crystals  and  liquid  obtains.  On  the 
other  hand,  if  zoning  (or  any  other  kind  of  fractionation)  occurs,  any 
mixture  may  have  its  period  of  crystallization  extended.  The  tempera- 
ture of  final  crystallization  may  approach  the  minimum  and  the  compo- 

1  J.  B.  Ferguson  and  A.  F.  Buddington,  Amer.  lour.  Set.,  50,   1920,  p.   133. 
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sition  of  the  tiiuil  rujuiil  may  approach  that  of  tlie  mhiimum-melting 
mixture.  However,  since  the  minimum-melting  mixture  is  of  intermediate 
composition,  there  is  no  possibility  of  getting  extreme  compositions  by 
fractionation.  In  this  respect  the  system  is  like  a  eutectic  system.  The 
difference  from  a  eutectic  system  lies,  however,  in  the  fact  that  the 
eutectic  is  always  reached,  whereas  the  minimum  of  the  present  system 
is  attained  or  rather  approached  only  with  the  aid  of  crystal  fractionation. 

BINARY    SYSTEM    SHOWING  A   COMPLETE   SERIES   OF    SOLID   SOLUTIONS 
WITH  A  MAXIMUM   MELTING  TEMPERATURE 

No  example  of  a  series  of  solid  solutions  with  a  maximum  is  known 
among  silicates  and  the  phenomenon  need  not  therefore  be  considered 
at  length.  Suffice  it  to  say  that  during  fractional  crystallization  the  liquid 
tends  to  approach  either  the  one  pure  component  or  the  other,  depending 
on  whether  the  original  mixture  lay  to  one  side  or  the  other  of  the 
maximum. 

BINARY   SYSTEM   WITH   LIMITED  SOLID   SOLUTION    SHOWING  A   EUTECTIC 

No  simple  example  of  limited  solid  solution  with  a  eutectic  and 
uncomplicated  by  other  phenomena  has  been  investigated  among  sili- 
cates. The  system  anorthite  (CaAl2Si20«)-nephelite  (NaoAl^SigOs)  fur- 
nishes an  example,  complicated  to  some  extent  by  inversion,  but  this 
rather  enhances  its  value  as  an  illustration  of  the  possible  effects  of 
fractional  crystallization.  The  equilibrium  diagram  is  shown  in  Fig.  11.^ 

A  mixture  of  composition  X  begins  to  crystallize  at  1415°  and  the 
liquid  changes  in  composition  along  the  curve  AB  with  separation  of 
crystals  of  carnegieite,  the  isometric  form  of  NaAlSiO^.  When  the  tem- 
perature 135^^^  is  reached  the  liquid  has  the  composition  B  and  the 
crystals  the  compositiori  D.  At  this  temperature  liquid  and  crystals 
react,  the  carnegieite  crystals  being  transformed  to  nephelite  crystals 
of  composition  C  (i.e.,  much  richer  in  anorthite  than  the  original  car- 
negieite). The  liquid  B  then  continues  to  crystallize  with  falling  tem- 
perature and  changes  in  composition  along  the  curve  BG.  The  crystals 
change  in  composition  along  the  curve  CF  and  at  1340°  all  the  liquid 
is  used  up.  The  mass  then  consists  of  homogeneous  crystals  of  nephelite 
solid  solution  having  the  composition  X. 

On  the  other  hand,  if  crystal  fractionation  occurred  during  the  cooling, 
when  the  temperature  1352°  was  reached  there  might  be  no  crystals 
to  react  with  the  liquid  in  some  part  of  the  mass.  The  liquid  B  would 
in  these  circumstances  proceed  to  crystallize  and  if  there  was  no  further 
fractionation  it  would  become  completely  crystalline  at  1315°  and  would 
give  a  homogeneous  solid  solution  of  the  composition  B.  If  on  the  other 

1  N.  L.  Bowen,  Amer.  lour.  Sci.,  33.  IQ'Z,  pp.  551-73- 
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hand  there  was  further  fractionation  by  zoning  or  otherwise,  the  liquid 
would  proceed  to  the  eutectic  point  (G,  1302")  and  some  crystallization 
of  anorthite  would  then  occur.  Thus  we  have  two  contrasted  results  de- 
pending on  the  presence  or  absence  of  fractionation.  A  mixture  may  give 
a  single,  homogeneous  nephelite  phase  (solid  solution)  in  the  absence 
of  fractionation.  The  same  mixture  may  give  rise  to  nephelite  solid 
solutions  and  excess  anorthite  under  conditions  permitting  fractionation. 
Moreover  the  range  of  temperature  through  which  liquid  occurs  is  mucli 
increased  by  fractionation. 
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Fig.  11.     Equilibrium  diagram  (after  Bowen)  of  the  system,  anorthite-nephelite. 


It  is  probable  that  albite  and  orthoclase  constitute  a  system  of  the 
type  just  described,  i.e.,  that  they  show  limited  solid  solution  with 
a  eutectic.^ 

1  Strictly  speaking  this  is  impossible  since  orthoclase  melts  incongruently  and  the  system  is 
really  ternary.  The  probable  relation  referred  to  above  would,  then,  be  that  given  by  projection 
out  of  the  ternary  system. 
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BINARY    SYSTEM    WITH    LIMITED    SOLID    SOLUTION 
AND  NO  EUTKCTIC 

No  example  of  a  system  with  limited  solid  solution  and  without  a 
eutectic  has  been  investigated  among  silicates.  For  reasons  that  will  be 
stated  on  a  later  page  it  may  be  considered  probable  that  orthoclase^  and 
anorthite  show  this  relation  and  the  hypothetical  diagram  illustrating 
it  will  be  given  at  that  point. 

TERNARY  SYSTEM  WITHOUT  COMPOUNDS  OR  SOLID  SOLUTIONS 

The  type  of  ternary  system  that  is  commonly  regarded  as  the  simplest 
is  that  without  compounds  or  solid  solutions,  in  other  words,  with  a 
single  eutectic.  No  example  altogether  free  from  some  complication 
is  known,  but  perhaps  the  best  a[)proach  to  simplicity  is  given  by  the 
system,  CaSiO^  (wollastonite,  pseudo-woUastonitej-CaAUSi^O^  (anorth- 
ite)-Si02.^  The  equilibrium  diagram  is  given  in  Fig.  12.  A  liquid  of 
composition  X  begins  to  crystallize  about  13^0°  with  separation  of 
anorthite.  The  liquid  changes  in  composition  along  the  straight  line  XB 
as  the  temperature  falls.  When  the  composition  B  is  attained  the  tempera- 
ture is  about  1200°  and  pseudo-wollastonite  separates  together  with 
anorthite.  The  liquid  now  changes  in  composition  along  the  boundary 
curve  towards  E,  as  the  temperature  falls.  When  the  temperature  reaches 
1165°  the  composition  is  that  of  the  eutectic  E  and  silica  (tridymite) 
separates  together  with  anorthite  and  pseudo-wollastonite.  Complete 
solidification  occurs,  the  temperature  remaining  constant  at  1165"  and 
the  composition  of  the  liquid  constant  at  E  until  it  is  used  up. 

Any  liquid  whose  total  composition  is  such  that  it  lies  in  the  tridymite 
field  begins  to  crystallize  with  separation  of  tridymite  and  completes  its 
crystallization  at  1165°,  the  detailed  course  being  obtained  by  a  similar 
simple  geometrical  construction.  Likewise  any  liquid  in  the  pseudo- 
wollastonite  field  completes  its  crystallization  at  1165°  with  liquid  of 
composition  E. 

If  there  is  relative  movement  of  crystals  and  liquid  during  the  crys- 
tallization of  any  of  these  mixtures,  all  parts  of  the  mass  will  still  com- 
plete their  crystallization  at  1165°  and  the  final  liquid  in  all  parts  will 
have  the  composition  E.  Fractional  crystallization  can  give  rise  to  dif- 
ferent relative  pro[iortions  of  the  three  crystalline  phases  and  to  no 
other  result. 

In  the  heating  of  any  crystalline  mixture  some  liquid  of  the  composi- 
tion E  will  form  at  1165'°  and  the  whole  course  of  fusion  is  the  simple 
reversal  of  crystallization. 

1  Nefilecting  the  incongruent  melting  of  orthoclase. 
■I  Raukin  and  Wright,  Amer.  Jour.  Sci.,  39,   igii.  P-  2i- 
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Every  ternary  system  is  made  up  of  three  fundamental  binary  systems 
and,  of  these  binary  systems,  any  or  all  may  have  one  or  more  com- 
pounds.  Besides   these   binary   compounds    there   may   be   ternary   com- 


CaA/2Si208 


I299°t 


Fig.  12.  Equilibrium  diagram  (after  Rankin  and  Wright)  of  the  system,  anor- 
thite,  wollastonite,  silica  (with  additions  from  the  work  of  Greig,  Amer.  Jour.  Set., 

13,  1927,  p.  41). 

pounds  but,  however  many  compounds  there  are,  so  long  as  all  melt 
congruently  no  great  complexity  is  ordinarily  introduced.  In  fact  such 
a  system  is  compound  rather  than  complex  and  merely  consists  of  a 
number  of  subsidiary  ternary  eutectic  systems  placed  side  by  side.  This 
fact  will  be  apparent  from  inspection  of  the  several  hypothetical  dia- 
grams given  below  in  Fig.  13  (a),  (b),  (c),  (d),  (e),  (f). 

Each  subsidiary  ternary  eutectic  system  (as  partitioned  by  the  dotted 
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conjugation   lines)   of  the  various  diagrams  given   in   Fig.    13   may  be 
regarded  as  a  separate  system  analogous  to  the  system  shown  in  Fig.  12. 


I'iG.    13.     Hypotlietical   diagrams  of   various   simple   ternary'   systems   with   com- 
pounds having  congruent  melting  points. 
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Crystallization  always  proceeds  towards  the  ternary  eutectic  of  the  sub- 
system in  which  the  original  mixture  lies,  and  this  eutectic  is  always 
attained.  By  no  process  of  crystal  fractionation  can  any  part  of  the 
residual  liquid  acquire  a  composition  which  causes  it  to  pass  out  of  the 
subsystem  in  which  the  original  mixture  lay.  Fractionation  can  not,  there- 
fore, bring  about  a  diversity  of  crystalline  products  but  can  only  produce 
a  difference  in  the  relative  proportions  of  the  same  three  minerals.  More- 
over, the  temperature  of  consolidation  of  the  final  liquid  must  be  the 
same  in  all  parts  of  the  mass. 

TERNARY    SYSTEM   WITH   A  BINARY    COMPOUND    HAVING   AN 
INCONGRUENT  MELTING  POINT 

We  have  already  considered  the  binary  system  forsterite  (MgoSi04)- 
silica  (SiOo),  with  its  compound  clino-enstatite  (MgSiOj),  having  an 
incongruent  melting  point.  The  manner  in  which  such  a  compound  be- 
haves in  a  ternary  system  is  well  illustrated  by  the  system,  anorthite 
(CaAl2SioOj;)-forsterite  (Mg.Si04)-silica  (SiOo)  investigated  by  Ander- 
sen.^ The  equilibrium  diagram  is  given  in  Fig.  14.  There  is  a  small  field 
in  which  spinel  (MgO  •  AloO.,)  is  the  primary  phase.  Mixtures  lying 
in  this  field  and  certain  other  mixtures  whose  crystallization  will  carry 
them  into  this  field  can  not  be  treated  as  ternary,  but  for  the  present 
these  need  not  concern  us. 

A  mixture  of  composition  P  begins  to  crystallize  at  1500°  with  separa- 
tion of  forsterite  and  the  liquid  changes  along  the  straight  line  PQST. 
At  137?°'  when  the  liquid  has  the  composition  T,  clino-enstatite  begins  to 
separate  and  forsterite  to  be  redissolved  (or  to  be  converted  into  clino- 
enstatite  through  the  intervention  of  the  liquid).  While  this  action  is 
going  on  the  composition  of  the  liquid  changes  along  the  boundary 
curve  TR.  When  the  temperature  has  fallen  to  1260°  the  liquid  has  the 
composition  R  and  anorthite  begins  to  separate.  The  temperature  then 
remains  constant  at  1260°,  anorthite  and  clino-enstatite  increasing  in 
amount,  liquid  and  forsterite  decreasing  in  amount,  until  all  the  liquid 
disappears.  The  completely  crystalline  mass  now  consists  of  forsterite, 
anorthite  and  clino-enstatite. 

If  the  original  liquid  had  the  composition  Q,  which  lies  on  the 
anorthite-clino-enstatite  join,  the  same  course  would  be  followed  but  at 
1260°  the  liquid  R  and  forsterite  would  be  used  up  simultaneously  and 
the  crystalline  mass  would  consist  entirely  of  anorthite  and  iino- 
enstatite. 

If  the  original  liquid  had  the  composition  S,  again  the  same  course 
would  be  followed  but  at  1260°  some  liquid  of  the  composition  R  would 
remain  after  the  forsterite  was  exhausted.  The  liquid  R  would  then  con- 

1  Olaf  Andersen,  Amer.  Jour.  Sci.,  39,   1915,  pp.  407-54. 
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tinue  its  crystallization,  with  separation  of  clino-enstatite  and  anorlhite, 
and  would  change  in  composition  along  RE.  At  1222°,  when  the  liquid 
has  the  composition  E,  tridymite  (SiO.)  separates  in  addition  to  clino- 


SiOo 


Fig.  14 


CaAl2Si20Q 


Equilibrium  diagram  (after  Andersen)  of  the  system,  anorthite- 
forsterite-silica. 


enstatite  and  anorthite,  and  the  temperature  of  the  mass  remains  con- 
stant at  1222°  until  all  the  liquid  disappears. 

If  the  original  mixture  had  the  composition  T  the  liquid  would  not 
follow  the  course  TR  but  would  immediately  leave  that  curve  and  pass 
into  the  clino-enstatite  field.  As  the  result  of  crystallization  of  clino- 
enstatite  the  composition  of  the  liquid  would  pass  along  the  straight  line 
TM.  At  1250°,  when  the  liquid  has  the  composition  M,  anorthite  begins 
to  separate  and  the  liquid  changes  along  ME.  At  1222°  eutectic  crystalli- 
zation of  clino-enstatite,  anorthite  and  tridymite  occurs  as  before. 
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It  should  be  noted  now  that  the  liquids  Q,  S  and  T,  whose  crystalliza- 
tion has  just  been  described,  represent  successive  stages  in  the  composition 
of  the  liquid  left  during  the  crystallization  of  the  mixture  P.  If  there 
is  no  crystal  fractionation  during  the  crystallization  of  a  mixture  of 
composition  P,  then  of  course  all  parts  of  the  mass  must  at  all  times  have 
the  total  composition  P.  On  the  other  hand,  if  there  is  crystal  fractiona- 
tion during  the  separation  of  forsterite,  then  a  certain  part  of  the  mass 
might  have  the  composition  Q,  another  part  the  composition  S  and  yet 
another  part  the  composition  T,  representing  increasing  impoverishment 
in  forsterite  crystals.  Complementary  to  these  parts  there  would  be  others 
enriched  in  forsterite  and  having  a  composition  such  as  N.  The  crystalli- 
zation of  N  is  analogous  to  that  of  P  except  that  there  is  a  greater  pro- 
portion of  fosterite  in  the  final  product.  The  crystallization  of  Q,  S  and  T 
has  already  been  described.  As  a  result  of  crystal  fractionation,  then,  we 
may  have  diiferent  parts  behaving  in  the  contrasted  manner  already  indi- 
cated in  the  description  of  the  different  behavior  of  the  liquids  P,  Q, 
S  and  T.  In  short,  those  parts  enriched  in  forsterite  would  be  completely 
consolidated  at  1260°  (R)  and  would  give  forsterite,  clino-enstatite  and 
anorthite.  Those  parts  sufficiently  impoverished  in  forsterite  would  not 
be  completely  consolidated  until  a  temperature  of  1222°  (E)  was 
reached  and  would  give  clino-enstatite,  anorthite  and  free  silica.  And 
of  those  parts  which  behaved  in  the  latter  manner,  i.e.,  reached  the 
eutectic,  some  would  have  followed  a  different  course  from  that  fol- 
lowed by  others. 

This  flexibility  introduced  by  fractional  crystallization  depends  en- 
tirely on  the  fact  that  forsterite  (except  at  the  higher  temperatures)  bears 
a  reaction  relation  to  the  liquid,  that  is,  the  liquid  reacts  with  it  to  convert 
it  to  clino-enstatite.  Crystal  fractionation  with  respect  to  anorthite  or  clino- 
enstatite  will  not  have  an  effect  similar  to  that  described  for  forsterite 
because  anorthite  and  clino-enstatite  do  not,  in  this  system,  have  a 
reaction  relation  to  the  liquid.  They  have  what  may  be  termed  a  purely 
subtraction  relation.  Once  subtracted,  the  liquid  is  no  longer  concerned 
with  them  and  is  unaffected  by  their  presence  or  absence. 

It  may  be  pointed  out  that  any  method  of  prevention  of  reaction  be- 
sides actual  relative  movement  of  liquid  and  crystals  will  produce  a  like 
result.  Thus  if  clino-enstatite  forms  as  a  layer,  zone  or  corona  about 
forsterite  crystals,  their  reaction  with  liquid  is  prevented  and  the  liquid 
will  follow  a  course  characteristic  of  the  absence  of  forsterite  and  will 
pass  on  to  the  composition  of  the  eutectic  where  crystallization  of  free 
silica  (tridymite)  occurs.  A  localized  fractionation  is  thus  possible  and, 
in  any  small  area  within  a  mass,  there  may  be  forsterite  crystals  with 
a  rim  of  clino-enstatite  and  a  matrix  of  anorthite,  clino-enstatite  and 
tridymite. 

Without  discussing  it  in  detail  we  may  point  out  that  in  this  system. 
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as  in  a  binary  system  with  an  incongruent-melting  compound,  the  effect 
produced  by  heating  is  not  the  reverse  of  fractional  crystallization.  It 
requires  repeated  selective  fusion  to  give  an  effect  comparable  with  that 
of  fractional  crystallization. 

TERNARY    SYSTEM    HAVING  A   TERNARY    COMPOUND    WITH    AN 
INCONGRUENT   MELTING  POINT 

An  example  of  a  ternary  compound  with  an  incongruent  melting 
point  is  furnished  by  the  system  MgO-Al^O.^-SiO.,  the  compound  being 
cordierite  2MgO  •  2Al20.^  •  5SiO;,.  The  equilibrium  diagram  is  shown 
in  Fig.  15.^  It  is  an  excellent  diagram  to  illustrate  the  great  prevalence 
of  incongruent  melting  in  silicates.  There  are  four  binary  compounds 
and  two  of  them,  namely,  mullite  and  clino-enstatite,  melt  incongru- 
ently.  There  is  but  one  ternary  compound,  namely,  cordierite,  and  it 
melts  incongruently.  As  a  consequence  of  these  facts  the  relation  of 
liquid  to  crystals  characterized  by  reaction  between  them  is  exceedingly 
common  during  the  crystallization  of  mixtures  in  this  system.  We  shall 
not  be  concerned  here  with  this  relation  in  connection  with  the  binary 
compounds,  since  that  matter  has  just  been  discussed.  We  shall  point  out 
briefly,  however,  the  course  of  crystallization  in  liquids  exhibiting  this 
relation  principally  in  connection  with  the  ternary  compound. 

A  mixture  of  composition  P  begins  to  crystallize  at  1600'^  with  separa- 
tion of  mullite  (3AI2O,  •  2SiOo).  At  146?°  when  the  liquid  has  the 
composition  Q,  cordierite  begins  to  crystallize  and  mullite  to  react  with 
the  liquid  to  produce  more  cordierite,  the  composition  of  the  liquid 
changing  along  the  curve  QR.  At  1421^°  when  the  liquid  has  the  compo- 
sition R  tridymite  (SiO.,)  begins  to  separate  and  the  temperature  remains 
constant  at  1425°,  tridymite  and  cordierite  increasing  in  quantity,  liquid 
and  mullite  decreasing  until  all  the  liquid  disappears.  The  crystalline 
product  then  consists  of  mullite,  cordierite  and  tridymite. 

However,  crystal  fractionation  might  occur,  i.e.,  mullite  might  be 
protected  from  reaction  with  liquid  either  by  its  removal  from  a  certain 
part  of  the  mass  or  by  the  formation  of  a  rim  of  cordierite  about  it.  In 
these  circumstances  the  liquid  Q  would  not  change  along  the  boundary 
curve  QR  but  would  enter  the  cordierite  field  and  change  along  QT  with 
simple  separation  of  cordierite.  At  1420°  tridymite  would  begin  to 
separate  and  the  liquid  would  change  along  TE,  tridymite  and  cordierite 
separating.  At  134?°,  when  the  liquid  has  the  composition  E,  clino- 
enstatite  crystallizes  in  addition  and  the  temperature  remains  constant 
until  liquid  disappears. 

Thus  as  a  result  of  fractionation  a  partly  different  crystalline  pro- 

1  G.  A.  Rankin  and  H.  E.  Merwin,  Amer.  Jour.  Sri.,  45,  1918,  with  corrections  after  the  work  of 
Bowen  and  Greig,  Jour.  Amer.  Ceram.  Soc,  7,  1924,  p.  242,  and  Greig,  Amer.  Jour.  Sci.,  13,  1927, 
p.    38. 
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duct  has  been  obtained  and  the  temperature  at  which  final  consolidation 
occurs  has  been  considerably  lowered.  Again  the  fundamental  controlling 
factor  is  the  incongruent  melting  of  a  compound,  in  this  case  the  ternary 
compound  cordierite. 

TERNARY  SYSTEM  WITH  A  BINARY  SERIES  OF  SOLID  SOLUTIONS 

The  simplest  example,  among  silicates,  of  a  ternary  system  with   a 
binary  series  of  solid  solutions  is  furnished  by  diopside   (CaMgSi^O,;^, 


MoOSiO^ 


ZMoOSiOi 

/a90 


3A/,0,^S/0^ 


Fig.  15.     Equilibrium  diagram  (after  Rankin  and  Merwin)  of  the  system,  MgO- 

Al203-Si02  with  additions  and  corrections  from  the  work  of  Bowen  and  Greig,  Jour. 

Amer.  Ceram.  Soc,  7,  1924,  p.  242,  and  Greig,  Amer.  Jour.  Set.,  13,  1927,  p.  41. 


anorthite  (CaAl.Si.Oj,  albite  (NaA'Si^Os).^  The  equilibrium  diagram 
is  shown  in  Fig.  16.  There  is  but  one  boundary  curve  and  it  separates  the 
field  of  the  plagioclases  from  the  field  of  diopside.  Just  as  the  tempera- 


1  N.  L.  Bowen,  Amer.  Jour.  Sci.,  40,   1915.  PP-   161-85. 
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ture  falls  continuously  from  the  melting  point  of  anorthite  to  that  of 
albite  in  the  binary  system  so  there  is  a  similar  fall  along  the  boundary 
curve  from  the  anorthite-diopside  eutectic  to  the  albite-dio[)side  eutectic, 
which  is  at  practically  pure  albite. 


Fig.  i6.     Equilibrium  diagram  (after  Bowen)  of  the  system,  diopside- 
anorthlte-alblte. 


We  may  discuss  the  crystallization  of  mixtures  lying  in  the  plagio- 
clase  field  with  the  aid  of  Fig.  17,  which  is  to  be  regarded  as  representing 
Fig.  16  with  some  of  the  lines  removed  to  avoid  confusion.  The  mixture, 
Ab^Anj  85  per  cent-diopside  15  per  cent  (D,  Fig.  1)),  begins  to  crystal- 
lize at  1375°  with  the  separation  of  plagioclase  of  composition  Ab,An^. 
As  the  temperature  falls  the  plagioclase  increases  in  amount  and  changes 
in  composition  until  at  1300°  the  liquid  has  the  composition  P  and  plagio- 
clase the  composition  AbjAn^.  When  the  temperature  has  fallen  to  1216'' 
diopside  begins  to  crystallize,  the  liquid  then  having  the  composition  M 
and  plagioclase  the  composition  S  (AbjAno).  With  further  lowering  of 
temperature  the  liquid  follows  the  boundary  curve,  both  diopside  and 
plagioclase  crystallizing,  and  at  1200°  the  liquid  is  all  used  up,  the  last 
minute  quantity  of  liquid  having  the  composition  H.  The  composition  of 
the  plagioclase  is  now  Ab,Anj(F). 

In  the  case  of  the  liquid  E  (Ab,sAns2  90  per  cent-diopside  10  per  cent) 
crystallization  begins  at  1480°  with  the  separation  of  Ab^AUy-  and  the 
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composition  of  the  liquid  follows  the  curve  ERN.  At  1245°  diopside 
begins  to  crystallize.  The  composition  of  the  plagioclase  is  now  T 
(Ab^jAngj).  As  the  temperature  is  lowered  both  plagioclase  and  diopside 


Fig.  17.     Diagram   (after  Bowen)   illustrating  the  crystallization  of  mixtures  in 
the  plagioclase  field.  A  =  diopside ;  B  =  albite  ;  C  =  anorthite. 

crystallize  until  at  1237°  all  the  liquid  is  used  up.  The  composition  of 
the  final  liquid  is  O  and  the  feldspar  has  attained  the  composition 
Ab^gAn^,. 

It  should  be  noted  that  the  crystallization  curves  DPM  and  ERN 
apply  to  the  liquids  D  and  E  respectively  and  to  no  other  liquids.  Thus 
the  crystallization  curve  of  the  liquid  P  is  not  the  curve  PM  but  the 
new  curve  PL,  that  is,  if  we  start  with  a  liquid  P  free  from  crystals  the 
composition  of  the  liquid  follows  the  course  PL.  Only  when  the  liquid  P 
contains  in  it  the  crystals  formed  during  the  change  from  D  to  P  does 
the  further  course  of  the  liquid  coincide  with  PM.  Moreover,  the  liquid 


48  THE  EVOLUTION  OF   IGNEOUS  ROCKS 

]',  whoa  ori^iiuilly  free  from  crystals,  becomes  completely  crystalline,  not 
at  1200°  (H),  as  before,  but  at  a  somewhat  lower  temperature. 

Throughout  the  foregoing  discussion  of  crystallization  perfect  equi- 
librium is  assumed.  The  conditions  are  supposed  to  be  such  that  crystals 
of  plagioclase  can  change  their  composition  through  and  through  in  re- 
sponse to  the  demands  of  equilibrium.  It  may  be  considered,  however, 
that  crystallization  takes  place  in  a  quite  different  manner.  When  plagio- 
clase of  a  certain  composition  has  separated  it  may  remain  as  such  and 
become  surrounded  by  layers  of  different  composition  deposited  by  the 
continually  changing  liquid.  The  liquid  is  in  equilibrium  at  any  instant 
only  with  the  material  crystallizing  at  that  instant  and  not  with  crystals 
already  formed.  A  plagioclase  crystal,  once  separated,  does  not  participate 
further  in  the  equilibria.  As  far  as  any  effect  on  the  course  followed 
by  the  liquid  is  concerned,  the  crystal  may  be  considered  absent.  The 
course  of  crystallization  of  the  liquid  P,  Fig.  17,  in  the  absence  of  crys- 
tals, has  been  compared  in  the  foregoing  with  that  followed  in  the  pres- 
ence of  crystals.  If  we  examine  also  the  liquid  M,  say,  we  find  that  if  it 
crystallizes  in  the  presence  of  crystals  formed  during  the  change  in 
composition  of  the  liquid  from  D  to  M,  it  then  becomes  completely 
crystalline  at  1200°  and  the  final  liquid  has  the  composition  H.  On  the 
other  hand,  if  the  crystals  referred  to  are  separated  from  the  liquid  M, 
complete  crystallization  does  not  take  place  until  the  temperature  1170° 
is  attained  and  the  final  liquid  has  the  composition  X,  i.e.,  is  very  much 
richer  in  albite.  If  in  this  latter  case  a  second  removal  of  crystals  took 
place  when  the  liquid  had  the  composition  H,  complete  crystallization 
would  not  then  take  place  until  the  temperature  had  fallen  to  1125'° 
and  the  final  liquid  has  then  the  composition  Y,  exceedingly  rich  in 
albite. 

If  this  separation  of  early  crystals  from  liquid  is  a  continuous  process 
accomplished  through  zoning  of  the  crystals,  it  is  clear  that  the  con- 
tinual lowering  of  the  temperature  of  final  consolidation  and  offsetting 
in  the  composition  of  the  liquid  is  limited  only  by  the  eutectic  albite- 
diopside,  1085°  and  97  per  cent  albite. 

Thus,  as  we  have  noted  for  a  compound  with  an  incongruent  melting 
point,  so  a  solid  solution  series  in  a  ternary  system  introduces  a  certain 
amount  of  flexibility  of  the  course  of  crystallization,  a  possible  varia- 
tion in  the  temperature  of  final  consolidation  and  in  the  composition 
of  the  final  liquid. 

Remelting  of  a  crystalline  mixture  in  this  system  does  not  begin  at 
the  very  low  temperature  where  there  may  still  be  some  liquid  if  the 
same  mixture  were  cooled  from  the  liquid  state.  It  requires  selective 
fusion  oft  repeated  to  give  an  effect  approaching  that  of  fractional 
crystallization. 
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TERNARY    SYSTEM    WITH   A   SERIES   OF   BINARY    SOLID    SOLUTIONS 
THAT   MELT   INCONGRUENTLY 

We  have  already  considered  the  effect  of  the  iucongruent  melting  of 
clino-enstatite  (MgSiO;.)  in  the  binary  system  and  in  a  ternary  system 
without  solid  solution.  If  clino-enstatite  forms  solid  solutions  with 
another  compound   then   at   least  some  of  these   solid   solutions    (those 
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Fig.  i8.     Equilibrium  diagram  (after  Bowen)  of  the  system,  diopside- 
forsterite-silica. 


close  to  clino-enstatite)  must  behave  like  clino-enstatite,  i.e.,  must  dis- 
sociate on  melting,  with  formation  of  forsterite.  It  is  true  that  the  first 
liquid  formed  in  the  melting  of  any  binary  series  of  solid  solutions  has 
a  different  composition  from  the  crystal  phase  but  its  composition  lies 
in  the  binary  system.  In  the  case  of  solid  solutions  adjacent  to  clino- 
enstatite  the  liquid  is  not  only  different  in  composition  from  the  crystal 
phase  but,  as  a  result  of  the  separation  of  forsterite  crystals,  the  liquid 
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does  not  lie  in  the  binary  system.  The  melting  and  crystalli/ation  of 
such  a  series  of  solid  solutions  is  illustrated  by  the  system:  forsterite 
(Mg^SiOj-diopside  (CaMgSi.O,)-silica  (SiO,).!  The  equilibrium  dia- 
gram is  given  in  Fig.  i8.  A  skeleton  diagram  showing  the  boundary 
curves  and  the  phases  separating  in  the  various  fields  is  given  in  Fig.  19. 
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Fig.  19.     Equilibrium  diagram  (after  Bowen)  of  the  system,  diopside-forsterite- 
silica  showing  only  the  fields  in  which  the  various  crystals  appear  as  primary 

pliases. 


The  course  of  crystallization  of  important  mixtures  may  be  discussed 
with  the  aid  of  Fig.  20  which  is  essentially  the  same  as  Figs.  18  and  19 
except  that  slight  distortion  is  introduced  in  order  to  avoid  confusion 
of  lines. 

If  a  liquid  of  composition  M   (Fig.  20)  is  allowed  to  cool,  forsterite 
begins  to  crystallize  at  the  temperature  of  the  isotherm  through  the 

1  N.  L.  Bowen,  Amer.  Jour.  Sci.,  38,   1914,  pp.  207-64. 
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point  M  and  continues  to  crystallize  until  the  temperature  of  the  point 
K  on  the  boundary  curve  is  reached.  In  the  meantime  the  composition 
of  the  liquid  has  changed  from  M  to  K  along  the  straight  line  AMK. 
Since  liquid  K  is  saturated  with  pyroxene  that  phase  then  begins  to  crys- 


FiG.  20.     Diagram   (after  Bowen)    illustrating  courses  of  crystallization  in   the 
system,  diopside-forsterite-silica. 

tallize  and  L  represents  the  composition  of  the  pyroxene.  When  the 
temperature  is  further  lowered,  pyroxene  continues  to  crystallize  and 
forsterite  begins  to  redissolve  or  react  with  liquid  to  produce  an  in- 
creased quantity  of  pyroxene.  The  composition  of  the  liquid  now  changes 
along  the  boundary  curve  and  the  composition  of  the  pyroxene  in  the 
act  of  crystallization,  as  well  as  that  of  the  pyroxene  which  has  already 
separated  (if  there  is  perfect  equilibrium),  changes  toward  S.  When 
the  temperature  of  the  point  N  is  reached,  the  liquid  finally  disappears 
and  the  whole  consists  of  pyroxene  of  composition  P  and  forsterite.  The 
proportion  of  pyroxene  to  forsterite  is  as  MA: MP. 

If  the  composition  of  the  original  liquid  had  been  that  of  the  pyroxene 
P,  forsterite  would  crystallize  first  as  before,  and  the  whole  course  of 
crystallization  would  be  precisely  as  given  above.  At  the  temperature  of 
the  point  N,  in  this  case,  the  last  of  the  liquid  and  the  last  of  the  for- 
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sterite  are  used  up  simultaneously  and  the  whole  consists  simply  of 
pyroxene  of  composition  P. 

If  the  composition  of  the  original  liquid  was  that  of  the  point  D, 
forsterite  would  crystallize  first  as  before,  and  crystallization  would 
follow  the  same  course  as  in  the  two  preceding  cases  until  the  tempera- 
ture of  the  point  F  is  reached.  At  this  temperature  the  last  of  the  for- 
sterite has  dissolved  and  the  mixture  consists  of  liquid  of  composition 
F  and  pyroxene  of  composition  R.  The  composition  of  the  liquid  now 
leaves  the  boundary  curve  and  crosses  the  pyroxene  field  on  the  curve 
FE,  pyroxene  continuing  to  crystallize  and  changing  in  composition 
towards  S.  When  the  temperature  of  the  point  E  is  reached  cristobalite 
begins  to  crystallize.  At  this  temperature  the  liquid  has  the  composition 
E  and  pyroxene  the  composition  S.  With  further  lowering  of  tempera- 
ture the  composition  of  the  liquid  changes  along  the  boundary  curve 
from  E  towards  Z,  cristobalite  and  pyroxene  continue  to  crystallize  and 
the  pyroxene  changes  in  composition  towards  T.  At  the  temperature  of 
the  point  Z  cristobalite  changes  to  tridymite,  if  perfect  equilibrium  is 
attained,  and  with  further  lowering  of  temperature  tridymite  and 
pyroxene  continue  to  crystallize.  When  the  temperature  of  the  point  G 
is  reached  the  liquid  finally  disappears ;  the  last  minute  quantity  has 
the  composition  G,  and  the  pyroxene  has  the  composition  T.  The  whole 
now  consists  of  pyroxene  of  composition  T  and  tridymite  in  the  propor- 
tion, pyroxene  :  tridymite  =  DX:DT. 

The  crystallization  of  any  mixture  of  a  system  such  as  the  present 
may  take  place  in  a  manner  somewhat  different  from  that  outlined  for 
the  case  of  perfect  equilibrium.  When  a  crystal  has  separated  it  may 
never  redissolve  and  when  a  mix-crystal  separates  its  composition  may 
not  thereafter  suffer  any  change.  The  crystals  which  are  separating  at 
any  instant  are  at  equilibrium  with  the  liquid  but  those  that  have  already 
separated  may  not  be. 

When  crystallization  takes  place  in  this  manner  a  liquid  of  composi- 
tion M,  P  or  D  of  Fig.  20  would  behave  as  follows:  Forsterite  would 
crystallize  out  first  and  the  composition  of  the  liquid  would  change 
to  K.  At  the  temperature  of  the  point  K  pyroxene  of  composititon  L 
would  begin  to  separate.  In  the  case  of  complete  equilibrium  the  re- 
solution of  forsterite  would  now  begin  and  the  liquid  would  change  along 
the  boundary  curve.  In  the  case  we  are  now  considering,  liquid  and 
forsterite  do  not  interact  and  the  composition  of  the  liquid  crosses  the 
pyroxene  field  and  meets  the  boundary  curve,  pyroxene-tridymite,  at  a 
point  lower  than  E,  say  G.^  In  the  meantime  the  composition  of  the 
pyroxene  separating  has  changed  from  L  to  T  and  there  exist  in  the 

1  The  exact  curve  which  indicates  the  change  in  the  composition  of  the  liquid  is,  unlilte  FE,  such 
that  tlie  tangent  to  it  at  any  point  passes  through  the  composition  of  the  pyroxene  in  equilibrium 
with  liquid  of  the  composition  and  at  the  temperature  represented  by  the  point. 
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mixture  zoned  pyroxene  crystals  of  all  compositions  varying  from  L  to  T. 
When  the  temperature  is  that  of  the  point  G  and  the  composition  of 
liquid  is  G,  tridymite  begins  to  crystallize  and  the  composition  of  the 
liquid  changes  along  the  boundary  curve,  pyroxene-tridymite.  Mean- 
time the  composition  of  the  pyroxene  separating  changes  from  T  towards 
pure  diopside  and  tinal  crystallization  takes  place  only  when  the  tem- 
perature is  that  of  the  eutectic,  diopside-tridymite,  when  the  remaining 
infinitesimal  amount  of  liquid  has  the  composition  of  this  eutectic  and 
the  crystalline  phases  separating  are  tridymite  and  pure  diopside. 

It  will  be  recalled  that  we  started  with  any  of  the  mixtures  M,  P  or  D. 
Any  of  these  mixtures  would,  then,  if  crystallized  in  this  manner,  con- 
sist of  forsterite,  tridymite,  and  pyroxene  varying  In  composition  from 
L  to  pure  diopside.  The  actual  amount  of  pyroxene  approaching  L  in 
composition  would  be  relatively  large  ;  the  amount  approaching  diopside, 
relatively  very  small ;  the  amount  of  pure  diopside  infinitesimal. 

This  latter  method  of  crystallization  is,  of  course,  a  form  of  fractional 
crystallization.  Any  other  method  of  crystal  fractionation,  such  as  rela- 
tive movement  of  liquid  and  crystals,  would  have  a  similar  effect  on  the 
temperature  of  final  consolidation  and  the  nature  of  the  late  crystalline 
phases  in  those  parts  of  the  mass  impoverished  in  early  crystals.  How- 
ever rich  in  forsterite  the  original  may  have  been,  there  could  be  a  final 
fraction  from  which  free  silica  crystallizes  and  which  consolidates  at  tem- 
peratures far  below  those  at  which  forsterite-rich  fractions  crystallize. 


C  II  A  P  T  K  R    V 


THE  RKACnON   PRINCIPLK 


IT  WILL  be  apparent  from  the  discussion  of  crystallization  in  typical 
silicate  systems  that  a  relation  of  liquid  to  crystals,  characterized  by 
reaction  between  them,  is  exceedingly  common  during  the  normal 
course  of  crystallization.  In  the  crystallization  of  any  solid  solution  series 
such  reaction  between  liquid  and  crystals  must  occur  in  greater  or  less 
amount,  whether  the  solid  solution  series  be  one  of  the  continuous  types  or 
the  discontinuous  types.  Again,  in  the  crystallization  of  any  system  ex- 
hibiting a  com[)ouncl  with  an  incongruent  melting  point,  reaction  between 
liquid  and  crystals  is  a  constant  factor.  We  have  seen  that  crystalliza- 
tion where  reaction  is  involved  is  very  different  from  crystallization 
in  purely  eutectic  systems.  In  the  eutectic  systems  crystals  bear  a  simple 
subtraction  relation  to  the  liquid,  and  once  subtracted  they  no  longer 
take  any  part  in  the  equilibrium.  We  have  seen,  too,  that  the  reaction 
relation  is  of  the  utmost  importance  in  connection  with  the  problem  of 
fractional  crystallization  in  silicate  systems;  of  such  importance,  indeed, 
that  it  has  elsewhere  been  proposed  to  regard  it  as  a  fundamental  prin- 
ciple.^ It  has  been  found  convenient  for  the  discussion  of  this  principle 
to  introduce  certain  terms  whose  significance  will  now  be  illustrated. 

During  the  crystallization  of  the  plagioclase  feldspars  there  is,  as 
shown  in  Fig.  9  and  the  discussion  thereof,  continual  reaction  between 
liquid  and  crystals.  The  change  of  composition  of  the  crystals  is  a 
perfectly  continuous  one  taking  place  by  infinitesimal  increments.  Such 
a  solid  solution  series  may  therefore  be  termed  a  continuous  reaction 
series.  This  property  of  exhibiting  a  perfectly  continuous  variation  of 
composition  during  crystallization  is,  however,  just  as  definitely  char- 
acteristic of  each  series  of  solid  solutions  in  a  system  which  shows  two 
series  with  an  hiatus.  The  fact  is  brought  out  by  Fig.  1 1  and  the  discus- 
sion thereof,  where  it  is  shown  that  during  crystallization  the  nephelite 
mix-crystals  vary  continuously  in  composition  within  certain  limits. 
Within  these  limits,  then,  the  nephelite  solid  solutions  constitute  a  con- 
tinuous reaction  series.  Thus  any  solid  solution  series,  whether  complete 
or  limited,  is  a  continuous  reaction  series. 

1  N.  L.  Bowen,  "The  Reaction  Principle  in  Petrogenesis,"  Jour.  Geol.,  30,   1922,  pp.   177-98. 
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The  essential  feature  of  a  continuous  reaction  series,  the  reaction 
relation  of  crystals  and  liquid,  is  retained  when  the  series  becomes  a  part 
of  a  more  complex  system.  This  is  true  even  when  the  end  members  of 
the  series  bear  a  eutectic  relation  to  the  newly  added  component,  as  is 
well  shown  when  diopside  is  added  to  plagiochise.  The  system  has  been 
discussed  and  the  reaction  relation  emphasized  in  the  explanation  of 
Fig.  16. 

In  addition  to  the  kind  of  reaction  relation  introduced  by  the  exist- 
ence of  solid  solution,  another  kind,  of  somewhat  different  character, 
has  been  described  in  connection  with  some  of  the  foregoing  systems. 
This  is  the  kind  introduced  by  the  presence  of  a  compound  having  an 
incongruent  melting  point.  In  the  binary  system  MgO-SiO^  the  com- 
pound clino-enstatite  (MgSiO.,)  has  an  incongruent  melting  point  (Fig. 
7).  As  a  result  of  this  fact  certain  mixtures  precipitate  forsterite 
(MgoSi04)  first  and  this  reacts  with  the  liquid,  in  whole  or  in  part,  to 
produce  clino-enstatite  (MgSiOg).  Forsterite  and  clino-enstatite  may 
therefore  be  styled  a  reaction  pair.  By  this  is  meant  that  crystals  of  the 
first  compound  react  with  the  liquid  to  produce  the  second  during  the 
normal  course  of  crystallization. 

A  reaction  relation  of  this  latter  type  may  exist  between  three  or  more 
compounds  and  the  compounds,  arranged  in  proper  order,  may  then  be 
said  to  constitute  a  discontinuous  reaction  series.  We  have  seen  an 
example  of  this  in  the  system  KoSiO^-HjO  illustrated  in  Fig.  8.  Here 
the  compound  KjSiOg  reacts  with  liquid  to  produce  K2Si03  .  y^H^O,  and 
this  in  turn  reacts  with  liquid  to  produce  K.^SiOg  .  HoO.  The  compounds 
K.SiOa,  K.SiOg  .  y.H.^O  and  K.SiO^  .  H.O  therefore  constitute  a  dis- 
continuous reaction  series.  It  is  plain  that  the  distinction  between  the 
two  types  of  reaction  series  lies  in  the  fact  that  every  gradation  of  com- 
position is  exhibited  in  the  continuous  series,  whereas  the  change  of  com- 
position in  discontinuous  series  is  by  definite  steps. 

Just  as  the  essential  features  of  the  continuous  reaction  series  are  re- 
tained when  the  series  becomes  part  of  a  more  complex  system,  so  is  this 
true  of  the  reaction  pair  and  the  discontinuous  reaction  series.  In  the 
discussion  of  Fig.  14  it  has  been  brought  out  how  the  reaction  relation 
between  forsterite  and  clino-enstatite  is  carried  into  a  ternary  system. 

Another  manner  in  which  this  reaction  relation  may  be  carried  into  a 
ternary  system  is  illustrated  in  Figs.  18,  19  and  20  of  the  system: 
diopside-forsterite-silica.  By  the  introduction  of  the  component  diopside, 
which  forms  a  series  of  solid  solutions  with  clino-enstatite,  the  latter 
compound  appears  in  this  system  as  a  member  of  a  continuous  reaction 
series,  while  retaining  its  character  as  a  member  of  the  reaction  pair, 
forsterite-clino-enstatite.  Thus  the  pyroxenes  of  this  system  are  at  the 
same  time  members  of  both  these  reaction  series.  We  have  seen  in  the 
discussion  of  crystallization  of  mixtures  of  the  system  that  both  types 
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of  reaction  are  involved.  The  reaction  of  forsterite  with  liquid  to  give 
pyroxene  and  the  reaction  of  more  magnesian  pyroxene  with  liquid  to 
give  less  magnesian  pyroxene  go  on  at  one  and  the  same  time. 

The  importance  of  reaction  series,  whether  continuous  or  discontinu- 
ous, lies  in  the  fact  that  a  certain  amount  of  flexibility  in  the  crystalliza- 
tion of  a  mixture  is  introduced.  The  greater  the  reaction  the  sooner  the 
liquid  will  be  used  up  by  reaction  and  the  more  the  crystalline  pro- 
ducts will  be  confined  to  the  earlier  ( higher  temperature)  members  of  the 
reaction  series.  The  less  the  reaction  the  greater  will  be  the  temperature 
interval  during  which  liquid  occurs  and  the  more  the  crystalline  products 
will  reveal  the  later  (lower  temperature)  members  of  the  reaction  series 
in  addition  to  the  earlier  members.  In  eutectic  systems  no  such  flexibility 
is  possible.  The  change  of  composition  of  the  liquid  is  always  of  the  same 
magnitude  for  the  eutectic  is  always  attained  and  the  crystalline  products 
are  always  the  same. 

The  flexibility  introduced  by  the  reaction  series  is  not  conlined  to  a 
variability  in  the  extent  to  which  a  certain  goal  will  be  approached  by 
the  liquid.  In  a  binary  system  this  is,  to  be  sure,  the  only  effect,  but  in  a 
ternary  system  possible  variety  in  the  path  followed  in  approaching  this 
goal  is  introduced.  This  fact  is  illustrated  by  the  alternative  paths  fol- 
lowed, while  only  plagioclase  is  crystallizing,  in  the  system  diopside- 
anorthite-albite  and  by  similar  effects  in  all  the  other  ternary  systems 
discussed,  except,  of  course,  the  purely  eutectic  systems.  In  systems  with 
a  greater  number  of  components  a  still  greater  flexibility  in  the  course 
followed  by  the  liquid  will  be  introduced,  provided,  of  course,  that 
reaction  series  occur  among  the  crystalline  phases. 

On  account  of  general  familiarity  with  eutectic  systems  there  is  an 
unconscious  tendency  to  apply  the  principles  pertaining  to  such  systems 
to  any  kind  of  complex  system.  In  an  important  particular  the  existence 
of  the  reaction  series,  continuous  and  discontinuous,  causes  the  process  of 
crystallization  to  depart  from  that  obtaining  in  the  eutectic  system.  In 
the  crystallization  of  the  plagioclase  feldspars,  when  accomplished  by 
simple  cooling,  a  plagioclase  always  separates  before  any  other  plagio- 
clase that  is  less  calcic.  There  is  no  such  thing  as  the  separation  of  calcic 
plagioclase  first  from  mixtures  rich  in  calcic  plagioclase,  and  of  sodic 
plagioclase  first  (followed  by  calcic  plagioclase)  from  mixtures  rich  in 
sodic  plagioclase,  as  there  would  be  in  the  eutectic  system.  And  so  with 
the  reaction  pair  and  the  discontinuous  reaction  series  the  higher  member 
of  the  series  always  separates  before  the  lower,  if  at  all.  We  do  not  have 
a  condition  in  mixtures  of  forsterite  and  clino-enstatite  such  that  for- 
sterite  separates  first  from  mixtures  rich  in  forsterite  and  clino-enstatite 
first  in  mixtures  rich  in  clino-enstatite,  as  there  would  be  in  eutectic 
mixtures.  On  the  contrary,  forsterite,  however  small  in  amount,  always 
separates  first.  And  not  only  does  forsterite  begin  to  crystallize  early. 
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but  it  also  ceases  to  crystallize  early,  an  impossible  condition  in  any 
eutectic  system. 

Thus  the  existence  of  reaction  series  tends  to  introduce  a  fixity  in 
the  order  of  crystallization,  calcic  plagioclase  before  sodic  plagioclase, 
if  at  all;  forsterlte  (olivine)  before  clino-enstatite  (pyroxene),  if  at  all; 
KoSiO.  before  K.SiOg  .  ><H,0  before  KSiO.^  .  H.O. 

A  sufficient  number  of  examples  of  the  reaction  relation  have  been 
given  to  illustrate  the  more  important  aspects  of  it.  Moreover  the  exam- 
ples have  in  most  cases  dealt  with  members  of  common,  rock-forming 
groups  and  the  prevalence  of  reaction  series  of  one  kind  or  the  other 
among  the  rock-forming  silicates  is  indicated  by  these  few  examples. 
The  data  are  not  at  hand — and  are  not  likely  to  be  for  some  time — for 
a  quantitative  discussion  of  reaction  series  in  mixtures  corresponding 
to  natural  magmas.  Nevertheless  it  is  believed  that  much  is  to  be  gained 
from  a  qualitative  consideration  of  this  feature  of  rock-minerals. 

It  should  be  frankly  stated  that  the  existence  of  the  reaction  relation 
between  two  phases  in  a  simple  system  is  no  guarantee  of  the  persistence 
of  an  identical  relation  between  them  in  a  more  complex  system.  In  the 
case  of  the  phases  olivine  and  magnesian  pyroxene,  for  which  such  a 
relation  exists  in  the  binary  system  MgO-SiO.,  it  is  not  impossible  that 
the  relation  might  be  modified  in  more  complex  systems.  Actually,  how- 
ever, it  is  found  that  the  relation  persists  in  all  the  more  complex  systems 
examined,  which  fact  renders  it  more  likely,  but  by  no  means  certain, 
that  the  reaction  relation  obtains  in  magmatic  systems.  The  service  ren- 
dered by  experimental  investigation,  so  long  as  it  is  confined  to  a  limited 
number  of  components,  must  lie  in  its  indicating  where  a  reaction  rela- 
tion is  to  be  expected.  We  are,  moreover,  instructed  as  to  what  we  may 
expect  in  the  way  of  indications  of  reaction  and  thus  enabled  to  extend 
our  inferences  to  phases  not  formed  under  laboratory  conditions.  This 
brings  us  to  the  question  of  the  criteria  of  the  reaction  relation. 

A  criterion  of  the  reaction  series,  common  to  both  the  continuous  and 
discontinuous  type,  and  serving  to  show  their  fundamental  likeness, 
is  simply  the  tendency  of  one  mineral  to  grow  around  another  as 
nucleus.  In  the  case  oif  the  continuous  series  this  is  commonly  known 
as  zoning  of  mix-crystals  and,  in  the  discontinuous  series,  as  the  forma- 
tion of  reaction  rims,  coronas,  etc.  Thus  we  have  plain  evidence  of  this 
kind,  from  a  wide  range  of  rocks,  that  the  plagioclases  constitute  a  con- 
tinuous reaction  series  and  that  pyroxene,  amphibole,  and  mica  form 
a  discontinuous  series. 

Fortimately  the  continuous  reaction  series  are  easily  picked  out,  for 
the  mere  existence  of  solid  solution  or  variability  of  composition  in  a 
crystal  phase  is  sufficient  to  establish  that  phase  as  a  continuous  reac- 
tion series.  Their  number  is  legion,  all  the  important  igneous  rock 
minerals  with  the  single  exception  of  quartz  being  members  of  solid 
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solution  series.  The  detection  of  the  discontinuous  reaction  series  is  not 
always  so  easy,  and  the  element  of  judj^nient  enters  to  some  extent. 

It  has  been  stated  above  that  pyroxene,  amphibole  and  mica  consti- 
tute a  discontinuous  reaction  series,  the  conclusion  being  based  on  the 
fact  that  in  certain  rocks  they  show  the  corona  relation.  It  is  not  neces- 
sarily to  be  inferred,  however,  that  they  do  not  have  the  reaction  relation 
in  rocks  where  the  corona  relation  is  not  displayed.  The  development 
of  one  mineral  of  a  discontinuous  reaction  series  as  a  corona  about 
another  does  not  depend  entirely  upon  the  existence  of  the  reaction  rela- 
tion. It  appears  to  require  comparatively  rapid  cooling  in  addition, 
though  it  is  perhaps  not  the  rapid  cooling  itself  but  conditions  that 
attend  it  that  are  the  fundamental  control.  In  some  uncompleted  experi- 
ments with  chemical  salts  having  a  reaction  relation  it  has  been  found 
that  under  perfectly  quiet  conditions  the  later  member  of  the  reaction 
pair  will  precipitate  as  a  layer  about  the  earlier  member,  and  reaction 
is  shortly  prevented.  On  the  other  hand  if  the  solution  is  stirred  the 
later  member  grows  as  separate  crystals  and  one  can  see  under  the 
microscope  these  crystals  growing  larger  while  the  crystals  of  the  earlier 
member  grow  smaller  (pass  into  solution).  The  cause  of  the  difference 
between  stirred  and  unstirred  masses  is  no  doubt  the  fact  that  stirring 
brings  in  small  crystals  of  the  later  member  from  the  colder  marginal 
parts  of  the  solution  where  crystallization  is  farther  advanced  and  these 
crystals  act  as  nuclei  for  the  growth  of  crystals  of  the  later  member.  In 
the  absence  of  these  nuclei  the  later  member  precipitates  rapidly  from 
the  layer  of  solution  immediately  surrounding  (and  saturated  with) 
the  earlier  member,  which  layer  is  supersaturated  with  the  later  member. 

Applying  these  observations  to  crystallization  in  silicates  we  find  that 
the  likelihood  of  corona  formation  should  increase  with  rapid  cooling,  for 
under  such  conditions  there  is  less  opportunity  for  nuclei  of  a  later 
member  of  a  reaction  series  to  be  brought  in  (by  convection  currents, 
gravity  or  otherwise)  from  adjacent  parts  of  the  crystallizing  mass. 
Moreover,  even  in  the  presence  of  such  nuclei,  rapid  cooling  may  not 
allow  sufficient  time  for  the  diffusion  of  material  dissolving  from  crys- 
tals of  the  earlier  member  and  its  deposition  upon  nearby  crystals  of 
the  later  member.  Per  contra,  slow  cooling  tends  to  promote  both  these 
factors  and  therefore  to  give  separate  crystals  of  the  later  member 
rather  than  zones  of  the  later  member  about  the  earlier  which  should, 
however,  be  rounded  during  this  slow  cooling.  We  thus  see  that  the 
corona  relation  is  not  to  be  expected  universally  even  with  a  pair  of 
minerals  which  always  have  a  reaction  relation  to  each  other. 

There  is  nothing  in  the  existence  of  a  reaction  relation  between  two 
crystal  species  to  prevent  the  occurrence  of  both  as  perfectly  formed 
crystals  with  no  evidence  of  a  resorption  of  the  earlier  member  of  the 
reaction  pair.  A  liquid  of  the  system,  anorthite-forsterite-silica,  such  as 
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P,  Fig.  14,  will  })reclpitate  forsterite  in  sucli  amount  that  the  remaining 
liquid  will  attain  a  composition  on  the  boundary  curve  olivine-pyroxene. 
The  liquid  is  now  saturated  with  pyroxene  and  with  adequate  opportun- 
ity for  reaction  it  will  precipitate  pyroxene  and  dissolve  olivine,  thus 
suffering  a  change  of  composition  represented  by  motion  along  the 
boundary  curve.  But  under  certain  conditions  of  rapid  cooling  the 
liquid  may  ignore  the  olivine  crystals  and  pass  immediately  into  the 
pyroxene  tield  with  formation  of  crystals  of  that  phase.  That  the  corona 
relation  should  be  found  fairly  commonly  is  sufficient  to  establish  a 
reaction  relation  between  the  two  minerals  concerned. 

The  existence  of  reaction  series  may  sometimes  be  inferred  from  a 
general  survey  of  an  igneous  rock  sequence  even  when  there  is  no  other 
evidence  of  it,  though  usually  there  is  confirmatory  evidence  furnished 
by  coronas.  To  illustrate  the  kind  of  general  survey  referred  to  we  repro- 
duce a  table  given  by  Harker  showing  the  mineral  relations  in  the  se- 
quence at  Garabal  Hill.'^ 

TABLE   I 

MINERAL  AND  ROCK  SEQUENCE  AT  GARABAL   HILL    {after  Harker) 


A.  Olivinc-diallage  rock 

B.  Biotite-dinrite 

C.  Hornbl  en  de-blot  ite-graiiite 

D.  Porphyritic  biotite-granite 

E.  Eurite  vein 


+ 

+ 

+ 

+ 
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It  will  be  noted  that  the  minerals  appear  in  a  certain  order,  as  they 
might  in  a  system  where  simple  eutectic  relations  prevailed,  but  they 
also  disappear  in  a  similar  order,  a  feature  that  is  altogether  foreign  to 
a  eutectic  system.  In  a  eutectic  system  no  mineral  ever  disappears.-  The 
first-formed  mineral  is  simply  joined  by  another,  the  pair  by  a  thirci,  and 
so  on  until  all  the  minerals  appear  together  in  a  final  eutectic  product. 
Very  different  from  this  is  the  condition  actually  found,  namely,  the 

1  The  Natural  History  of  Igneous  Rocks.  1909,  p.  l^i. 

2  A  case  of  simole  inversion   without   change   of  composition   would   require    to   be   excluded    from 
this  statement,  but  it  has  little  importance  in  rocks. 
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disappearance  of  minerals  in  tlie  order  in  wliich  they  apfiear  which  is  of 
the  very  essence  of  the  reaction  series. 

Upon  examination  in  detail  it  is  found  that  2,  3,  and  4  disappear 
in  B,  5'  disappears  in  D,  and  6  in  E.  From  this  we  conclude  that  these 
phases  bear  a  reaction  (not  a  mere  subtraction)  relation  to  the  liquid 
and  that,  as  a  result  of  the  reactions,  phases  appearing  later  are  formed. 
We  arrive  at  the  definite  conclusion  that  4,  i^,  and  6  constitute  a  reaction 
series  and  at  the  same  time  note  indications  that  they  are  but  a  part  of 
a  series  containing  more  members. 

TABLE  II 

olivines  ^ 


«>     calcic  plagloclaees 


\ 

Mg  pyroxenes      g*  / 

\  calci-alkalic  plagioclases 

/ 

Mg-Ca  pyroxenes  / 

\     alkali- calcic  plagioclases 
/ 
amphitoles         / 

\  alkalic  plagioclase 

biotites       / 


\ 


potash  feldspar 
muscovite 

quajrtz 

By  piecing  together  the  information  to  be  obtained  from  the  exami- 
nation of  such  sequences  and  from  observation  of  the  structural  relations 
of  the  minerals,  a  conclusion  as  to  the  reaction  series  in  rocks  is  to  be 
arrived  at.  Without  going  into  further  detail  as  to  the  evidence,  an 
attempt  is  made  below  to  arrange  the  minerals  of  the  ordinary  sub- 
alkaline  rocks  as  reaction  series.  The  matter  is  really  too  complex  to  be 
presented  in  such  simple  form.  Nevertheless  the  simplicity,  while  some- 
what misleading,  may  prove  of  service  in  presenting  the  subject  in 
concrete  form. 
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Beginning  at  the  upper  end  of  the  series  in  the  more  basic  mixtures 
we  have  at  first  two  distinct  reaction  series,  the  continuous  series  of  the 
plagioclases  and  the  discontinuous  series,  olivines-pyroxenes-amphiboles, 
etc.  As  we  descend  in  these  series,  however,  they  become  less  distinct,  in 
the  aluminous  pyroxenes  and  amphiboles  a  certain  amount  of  interlock- 
ing begins  and  they  finally  merge  into  a  single  series.^  This  is  expressed 
diagrammatically  by  a  convergence  of  the  series,  with  a  dovetailing  of 
the  mineral  names  at  first,  and  finally  a  joining  of  the  two  series  by  the 
arrows  converging  upon  potash  feldspar.  Just  where  the  two  series  merge 
completely  is  more  or  less  a  question,  but  it  is  given  closely  enough  for 
our  present  purpose  in  the  figure. 

It  is  to  be  noted  that  the  minerals  given  at  the  end  of  the  series  after 
their  convergence  are  on  a  somewhat  different  basis  from  the  others. 
It  can  not,  of  course,  be  said  that  any  liquid  reacts  with  biotite  and 
alkalic  plagioclase  to  give  potash  feldspar.  On  the  contrary  these  last 
minerals  (principally  potash  feldspar  and  quartz)  are  those  that  form 
from  the  liquid,  if  anv,  which  is  left  over  at  this  final  stage  and  are 
thus  the  result  of  the  failure  of  this  liquid  to  be  used  up  in  the  reactions 
which  produce  biotite  and  alkalic  plagioclase  carrying  some  potash.  The 
manner  in  which  reaction  controls  the  presence  or  absence  of  potash 
feldspar  as  such  is  more  fully  discussed  on  later  pages,  especially  in 
connection  with  Fig.  28. 

That  the  series,  olivines-pyroxenes-amphiboles-biotites,  constitute  a  re- 
action series  is  well  attested  in  many  rock  varieties.  Bv  this  is  meant 
that  liquid  reacts  with  olivines  to  produce  pyroxenes,  with  pyroxenes  to 
produce  amphiboles,  and  with  amphiboles  to  produce  biotites.  In  the  in- 
creasing water  content  of  the  series  it  is  related  to  the  series  KoSiOo- 
K..SiO,  .  ^HoO-KoSiO^  .  H.,0.  The  impression  seems  to  have  been 
gained  by  some  petrologists  that  the  postulated  reaction  relation  between, 
say,  pyroxene  and  hornblende  carries  with  it  the  implication  that  all 
hornblende  is  secondary  after  pyroxene.  Nothing  is  farther  from  the 
fact.  Just  as  there  are  many  liquids  of  the  system,  anorthite-forsterite- 
silica  that  precipitate  pyroxene  as  a  primary  phase  without  any  previous 
separation  of  olivine  so  many  magmas  may  precipitate  hornblende 
directly  without  any  previous  precipitation  of  pyroxene  from  that  par- 
ticular magma.  To  be  sure  it  is  part  of  the  general  thesis  of  this  study 
that  maemas  which  precipitate  hornblende  are,  in  general,  derived  from 
magmas  that  have  precipitated  pyroxene  but  that  is  a  different  matter 
to  be  discussed  later. 

The  continuous  reaction  series  of  the  plagioclases  is  perhaps  the  best- 
understood   series   of   rock   minerals.  This   is   fortunate,    for   the   series 

1  The   two  series  are  bridged   at   the   very  outset  by   spinel   but  this   has,   on    the   wliole,   no   great 
practical  importance. 
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happens  to  be  of  particular  importance  in  that  it  runs  through  a  wide 
range  of  conditions  and  compositions  in  rock  series.  We  simply  have  a 
continual  enrichment  of  the  liquid  in  alkaline  feldspar,  with  the  separa- 
tion of  the  potash  variety  of  alkaline  feldspar  as  a  separate  phase  when 
it  has  exceeded  its  solubility  in  the  plagioclase  mixture.  With  the  forma- 
tion of  potash  feldspar  in  tlie  one  series  and  of  biotite  in  the  other,  the 
two  series  are  now  so  intimately  intermingled  as  to  constitute  a  single 
series. 

There  is  little  of  the  nature  of  eutectic  crystallization  in  the  crystalliza- 
tion series  given  in  the  foregoing.  At  early  stages,  and  as  between  the  two 
series,  there  is  some  suggestion  of  the  eutectic  relation  in  that  a  member 
of  one  series  lowers  the  melting  "point"  of  a  member  of  the  other  series. 
Moreover,  the  one  or  the  other  begins  to  separate  first  according  to 
whether  the  one  or  the  other  is  present  in  excess  over  certain  fixed  pro- 
portions. There  the  analogy  with  eutectic  crystallization  ends  for  the 
simple  reason  that  there  is  no  eutectic,  no  inevitable  end-point  v/here  final 
solidification  must  take  place  when  the  liquid  has  attained  a  certain 
composition.  The  minerals  have  a  reaction  relation  to  the  liquid,  not 
a  mere  subtraction  relation.  Each  separated  mineral  tends  always  to 
change  into  a  later  member  of  the  reaction  series.  This  change  of  compo- 
sition is  effected  by  reaction  with  the  liquid,  and  according  to  the  oppor- 
tunity for  reaction  the  liquid  is  entirely  used  up,  in  some  cases  sooner,  in 
others  later,  and  only  then  is  solidification  complete. 

Thus  we  see  that  rock  series  can  not  be  partitioned  off  into  such  divi- 
sions as  gabbro,  diorite,  etc.,  each  having  a  eutectic  of  its  own.  All  of 
these  belong  to  a  single  crystallization  series,  to  a  single  polycomponent 
svstem,  which  is  dominated  bv  reaction  series. 


CHAPTER    VI 

THE  FRACTIONAL  CRYSTALLIZATION  OF 
BASALTIC  MAGMA 

GENERAL   CONSIDERATIONS 

WE  SHALL  now  endeavor  to  discuss  the  fractional  crystalliza- 
tion of  basaltic  magma.  By  way  of  anticipation  it  may  be 
stated  now  that  we  shall  first  develop  the  thesis  that  normal 
subalkaline  series  of  rocks  could  be  developed  from  basaltic  magma  by 
fractional  crystallization.  In  doing  so,  much  use  will  be  made  of  the  data 
of  investigated  systems,  but  since  the  investigated  systems  are  always 
much  simpler  than  magmas,  it  is  not  possible  to  use  directly  the  actual 
quantitative  values  of  concentrations,  temperatures,  etc.,  of  the  experi- 
mental results.  The  principal  service  of  these  must  be  rather  to  point 
the  road.  We  find  in  a  certain  investigated  system  a  definite  course  of 
crystallization  and  definite  possibilities  of  differentiation  through  frac- 
tional crystallization.  We  turn  then  to  an  actual  magma  as  near  as  may 
be  to  some  liquid  of  the  investigated  system  and  ask  ourselves  whether 
the  crystallization  of  such  a  magma  presents  any  parallelism  with  that 
of  the  investigated  liquid.  To  answer  this  question  we  may  consider  what 
indications  there  may  be  in  physico-chemical  theory  as  to  the  expected 
extent  of  departure  from  the  simple  system.  We  then  turn  to  the  evidence 
of  the  course  of  crystallization  of  the  magma,  as  determined  from  rocks, 
and  see  to  what  extent  there  is  parallelism  with  the  simple  liquid  and  to 
what  extent  the  departure  is  of  the  expected  kind.  If  the  correspondence 
with  our  expectations  appears  to  be  sufficiently  good  we  may  then  proceed 
to  deduce  the  results  of  fractional  crystallization  of  the  natural  magma, 
using  the  evidence  from  the  simple  liquid  with  such  modifications  as  may 
be  appropriate  in  the  light  of  physico-chemical  theory.  The  deduced 
course  of  fractionation  is  then  to  be  checked  against  actual  rock  series 
and  if  the  rocks  are  of  the  anticipated  kind,  there  is  considerable  like- 
lihood that  they  have  been  formed  by  fractional  crystallization.  There 
is  a  little  in  this  of  the  nature  of  circuitous  reasoning  but  it  is  the  kind 
of  circuitous  reasoning  upon  which  all  scientific  generalizations  are 
based.  It  is  the  common  procedure  of  science,  given  indications  that  a 
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certain  general  relation  is  true,  to  ass?nne  that  it  is  true,  to  push  deduc- 
tions to  their  ultimate  consequences  in  all  directions  and  to  make  the 
degree  of  correspondence  of  ohservation  with  deduction  the  measure  of 
the  probable  truth  of  the  original  assumption.  This  does  not  mean  of 
course  that  one  should  not  entertain  alternative  hypotheses.  Nevertheless 
the  alternatives  must  be  checked  in  precisely  the  same  manner,  and  it  is 
but  a  poor  recommendation  for  an  hypothesis  that  it  can  be  checked 
against  observation  to  such  a  limited  extent  that  it  is  difficult  to  prove 
wrong. 

Of  all  the  hypotheses  of  differentiation  of  magmas  none  except  the 
hypothesis  of  fractional  crystallization  can  be  checked  against  observa- 
tion in  any  detail.  It  is  therefore  the  only  one  that  can  be  regarded  as 
having  any  sound  scientific  basis. 

THE    EARLY    SEPARATION   OF    BOTH    PLAGIOCLASE   AND    PYROXENE 

Before  the  fractional  crystallization  of  basaltic  magma  can  be  con- 
sidered it  is  necessary  to  state  what  is  meant  by  basaltic  magma.  In  a 
broad  way  it  may  be  said  that  any  magma  is  basaltic  which,  on  rapid 
crystallization,  gives  rise  to  a  rock  having  intermediate  plagioclase  and 
clino-pyroxene  as  its  principal  constituents.  We  shall  consider  first  a 
magma  which  gives  rise  to  these  minerals  almost  exclusively.  The  near- 
est approach  to  such  a  magma  that  has  been  investigated  experimentally 
is  afforded  by  liquids  of  the  plagioclase-diopside  system.  The  equili- 
brium diagram  of  this  system  has  been  given  in  Fig.  l6  and  with  the 
aid  of  Figs.  16  and  17  the  crystallization  of  typical  mixtures  has  been 
discussed.  The  salient  features  in  the  present  connection  are  the  fol- 
lowing. In  mixtures  of  labradorite  and  diopside  containing  roughly 
equal  amounts  of  these  (60  per  cent  plagioclase  when  it  has  the  compo- 
sition Abj^An^  and  55  per  cent  when  it  has  the  composition  Ab^An2) 
plagioclase  and  diopside  begin  to  separate  from  the  liquid  simultaneously 
(at  1230°C  for  the  former  mixture  and  1250°C  for  the  latter).  The 
first  plagioclase  separating  is  highly  calcic  and  the  progress  of  frac- 
tional crystallization  is  such  as  to  continually  enrich  the  liquid  in  albite. 

These  facts  and  figures  can  not,  of  course,  be  applied  directly  to  the 
mixture  of  plagioclase  with  the  more  complex  pyroxene  of  the  natural 
rock.  Summary  rejection  of  the  results  as  wholly  inapplicable  is  one 
course  but  there  is  another,  viz.,  enquiry  as  to  the  extent  and  nature  of 
the  modifications  likely  to  be  introduced  by  the  difference  in  composition. 
We  may  begin  this  inquiry  by  considering  the  effect  of  the  addition  of 
another  component  to  the  three  already  present.  To  represent  the  compo- 
sition it  is  necessary  to  resort  to  a  tetrahedron  whose  base  may  be  the 
albite-anorthite-diopside  triangle  and  whose  apex  will  then  be  the 
point  representing  the  other  component.  No  matter  what  the  other  com- 
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fjonent  may  be  there  will  rise  into  the  tetrahedron,  from  the  boundary 
curve  on  the  base,  a  boundary  surface  which  separates  those  liquids 
that  precipitate  diopside  first  from  those  that  precipitate  plagioclase 
first.  How  far  this  boundary  surface  will  rise  into  the  tetrahedron  with- 
out being  cut  off  by  other  boundary  surfaces  is  a  matter  which  depends 
on  the  specific  properties  of  the  fourth  component. 

Now  let  us  make  the  specific  assumption  that  the  fourth  component  is 
FeSiO.,  and  construct  a  tetrahedron  illustrating  this  case  (Fig.  21).  Since 


FeSiO, 


Fig.  21.     Tetrahedron   illustrating  the   composition  of  a   quaternary   liquid    (Y) 
which  approaclies  basaltic  composition. 


this  may  be  taken  into  solid  solution  in  diopside  the  boundary  surface 
rising  into  the  tetrahedron  will  separate  the  plagioclase  field  from  the 
field  of  the  more  complex  pyroxene,  ferriferous  diopside.  Now  let  us  join 
the  point  on  the  boundary  curve  on  the  base  corresponding  with  the 
composition,  AbjAn,  60  per  cent-diopside  40  per  cent  (X),  with  the 
FeSiO^  apex  and  take  a  point  (Y)  20  per  cent  of  the  distance  along  this 
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join.  This  point  will  represent  the  composition  of  a  mixture  containing 
20  per  cent  FeSiO.,  and  80  per  cent  of  the  mixture  (X).  In  other  words 
the  mixture  (Y)  will  have  the  composition 

FeSiOo  20) 

r^  Tv/r  r-  ^  f  pyroxene 

CaMgSigOc  32J  *  ^ 

Ab^An^  48 

It  must  be  regarded  as  highly  probable  that  the  boundary  surface 
(FEDG)  rising  into  the  tetrahedron  from  the  boundary  curve  on  the 
base  would  pass  close  to  the  point  (Y)  representing  the  composition  of 
the  mixture  we  have  described.  The  point  might  lie  on  the  plagioclase 
side  of  the  surface  or  on  the  pyroxene  side,  nevertheless  none  but  a  very 
determined  doubter  would  consider  it  likely  to  lie  far  on  either  side.  In 
other  words  it  would  probably  require  the  crystallization  of  only  a  quite 
small  amount  of  either  plagioclase  or  pyroxene  from  this  liquid  to  bring 
it  to  a  composition  from  which  both  plagioclase  and  pyroxene  would 
separate  together. 

This  quaternary  liquid  does  not,  of  course,  correspond  exactly  with  a 
natural  basaltic  liquid,  but  it  is  a  surprisingly  close  approach.  Under 
I  of  Table  III  is  given  the  oxide  composition  of  the  quaternary  liquid 
and  under  II  the  average  composition  of  Deccan  traps  as  calculated  by 


TABLE  III 

IMPLE 

QUATERNARY    MIXTURE 

AND    AV 

I 

II 

SiO. 

53-7 

50.6 

AI2O3 

13-2 

13.6 

FeO 

10.9 

12.8 

MgO 

6.1 

5-5 

CaO 

13-1 

9-5 

NaaO 

3-0 

2.6 

K2O 

0.0 

0.7 

I — chemical  composition  of  the  quaternary  mixture  containing  AbiAni  48  per  cent,  diopside  32 
per  cent,   and  FeSiOa  20  i)er  cent. 

II — Average  chemical  composition  of  Deccan  traps  (after  Washington).  All  iron  stated  as  FeO. 
Ti02,   HjO   and  minor  gonstituents  omitted. 

Washington  from  his  several  analyses.^  It  plainly  requires  but  a  very 
slight  further  modification  of  the  quaternary  liquid  to  render  it  typically 
basaltic.  This  further  modification  is  not  to  be  regarded  as  a  greater 
extrapolation  from  investigated  liquids.  Rather  is  it  a  more  complicated 
extrapolation  and  therefore  not  amenable  to  graphic  presentation.  We 
may  therefore  regard  it  as  highly  probable  that  typical  basaltic  liquid 
such  as  II  is  not  far  from  a  composition  which  is  saturated  with  both 
plagioclase  and  pyroxene. 

1  H.  S.  Washington,  Bull.  Geo!.  Soc.  Amer.,  33,   1922,  p.  797. 
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So  much  for  the  probabilities  in  the  light  of  physico-chemical  consider- 
ations. What,  now,  are  the  indications  to  be  derived  from  direct  observa- 
tion of  the  course  of  crystallization  in  basaltic  rocks?  Here  we  must 
consider  the  opinion  recently  expressed  by  Fenner  that,  in  the  crystalli- 
zation of  basaltic  magma,  all  of  the  plagioclase  crystallizes  out  first  and 
is  followed  by  pyroxene.'  If  this  is  correct  we  have,  as  Fenner  points  out, 
radical  departure  from  the  investigated  ternary  liquids  at  the  very 
outset.  Instead  of  enrichment  of  the  liquid  in  albite  by  fractional  crys- 
tallization we  would  have  enrichment  in  })yroxene  and  the  possibility 
of  development  of  late  salic  differentiates  from  basaltic  magma  would 
be  completely  nullified.  This  opinion  as  to  the  course  of  crystallization 
of  basaltic  magma  has  been  expressed  by  others,  but  it  is  a  very  surpris- 
ing one  to  come  from  Fenner.  In  1910  he  made  a  special  study  of  the 
subject  and  reached  a  very  different  conclusion.  He  was  then  much 
puzzled  by  the  apparent  indication  of  the  ophitic  texture  that  plagioclase 
had  separated  out  completely  and  was  followed  by  pyroxene.  Such 
a  behavior  violated  the  physico-chemical  concepts  then  entertained  by 
him,  and  he  set  out  to  get  all  the  evidence  available  in  the  rocks  them- 
selves. The  conclusion  reached  was  thus  not  derived  from  any  theoretical 
reasoning  but  was  based  on  careful  observations.  He  expressed  his  con- 
clusion as  follows :  "No  matter  to  what  degree  glass  may  be  present  in 
the  slide,  plagioclase  and  diopside  appear  side  by  side.  It  is  evident  that 
almost  from  the  beginning  of  crystallization  these  two  constituents 
were  being  eliminated  simultaneously."-  Apparently,  then,  the  Watchung 
basalts,  of  which  Fenner  was  speaking,  fully  justify  the  conclusion 
reached  from  theoretical  considerations  that  basaltic  magmas  are  ordi- 
narily not  far  from  a  composition  which  is  saturated  with  both  plagio- 
clase and  pyroxene.  These  basalts  are  included  by  Washington  among 
plateau  basalts.  Deccan  traps  and  plateau  basalts  in  general  are  stressed 
in  this  section  because  they  are  considered  to  represent  parental  magma, 
a  feature  more  fully  discussed  on  later  pages. 

Regarding  the  highly  glassy  basalts  as  quenched  products  which  reveal 
the  early  stages  of  crystallization,  as  did  Fenner,  we  may  cite  other 
examples  which  prove  that  in  basalt,  plagioclase  and  pyroxene  separate 
together  from  a  very  early  period  of  crystallization.  Adams  and  Gibson 
have  recently  measured  the  compressibility  of  a  basaltic  tachylite.  The 
actual  sample  was  collected  by  Daly  in  Hawaii  and  was  cliosen  because 
it  represented  the  nearest  available  approach  to  a  basaltic  glass  which 
was  at  the  same  time  in  compact  form.  Adams  and  Gibson  had  no  interest 
in  the  course  of  crystallization  of  basalt.  They  merely  placed  on  record 
the  nature  of  the  material  studied.   It  was  stated  by  them  as  follows: 

1  C.   N.  Fenner,  Jour.  GeoL,  34,   1926,  p.  756. 

2  Amer.  Jour.  Sci.,  29,  1910,  p.  220. 
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"The  total  amount  of  crystalline  material  is  about  3  per  cent,  and  con- 
sists mainly  of  plagioclase  with  a  little  olivine  and  pyroxene."^  Plainly 
when  the  pro[K)rtion  of  all  crystals  was  as  little  as  3  per  cent  pyroxene 
was  represented. 

We  may  refer,  also,  to  the  observations  of  Washington  on  the  Deccan 
and  other  plateau  basalts.  From  these  observations  we  must  reach  the 
same  conclusion  though  a  different  conclusion  has  been  stated.  The  actual 
observations  as  given  by  Washington  are  as  follows :  "Augite  is  also 
very  abundant  in  the  more  holocrystalline  types  but  becomes  less  so  as 
the  glass  content  increases  and  seems  to  be  quite  absent  in  one  or  two 
highly  glassy  specimens."^  Even  if  "seems  to  be  quite  absent"  is  read 
"is  absent"  this  observation  would  prove  merely  that,  for  these  particu- 
lar basalts,  there  is  a  very  brief  early  period  during  which  plagioclase  is 
separating  alone  and  that  throughout  the  major  portion  of  the  crystalli- 
zation period  the  two  were  crystallizing  together.  The  conclusion  is 
scarcely  justified  that  the  zvhole  course  of  crystallization  is  towards  a 
liquid  consisting  of  augite  and  magnetite. 

Let  us  now  consider  other  lines  of  evidence  concerning  the  course  of 
crystallization  of  basaltic  magma.  The  ophitic  texture  is  often  regarded 
as  indicating  that  plagioclase  crystallized  first  and  pyroxene  afterwards. 
Of  that  point,  too,  Fenner  made  an  investigation  in  1910.  Concerning 
this  view  he  states:  "It  is  only  necessary  to  devote  a  little  study  to  the 
question  to  determine  that  this  is  emphatically  not  the  case."^  He  then 
describes  his  observations  proving  mutual  interference  of  the  crystals 
of  the  two  minerals  throughout  the  period  of  their  growth. 

It  would  appear  then  that,  while  a  cursory  examination  gives  the 
impression  that  ophitic  texture  in  basalts  is  the  result  of  late  crystalliza- 
tion of  pyroxene,  a  more  detailed  examination  indicates  simultaneous 
crystallization  with  plagioclase  or  even  continuance  of  the  outer  rims 
of  plagioclase  after  the  pyroxene.  On  this  point  we  may  quote  the  au- 
thors of  the  Mull  memoir,  who  say:  "It  is  noteworthy  that  the  ophitic 
augites  of  the  Mull  Plateau  Type  often  completed  their  growth  well 
within  the  crystallization-period  of  the  associated  feldspar."* 

The  ophitic  texture  of  basalts  is  probably  to  be  taken  as  the  result  of 
simultaneous  crystallization  of  two  minerals  the  one  of  which,  viz., 
plagioclase,  has  a  greater  specific  tendency  to  idiomorphism  under  condi- 
tions of  rapid  growth.  Practically  the  same  idea  is  expressed  by  the 
Mull  authors   (p.  240),  who  state,  "The  relatively  early  date  of  the 

1  Proc.  Nat.  Acad.  Sci.,  12,  1926,  p.  276. 

2  H.  S.  Washington,  op.  cit.,  p.  769. 

3  Fenner,  op.  ctt.,  p.  225. 

4  "Tertiary  and  Post-Tertiary  Geology  of  Mull,  Loch  Aline  and  Oban,"  Mem.  Geol.  Surv.  Scot., 
1924,  p.  16.  Italics  are  mine. 
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augite  is  obscured  by  its  almost  complete  refusal  to  exhibit  crystal- 
boundaries." 

When  the  crystallization  is  followed  step  by  step  as  it  is  revealed  in 
basalts  with  varying  proportions  of  glass  no  ambiguity  is  possible.  It 
has  never  been  shown  in  any  basalt  that  all  or  practically  all  the  plagio- 
clase  has  crystallized  and  left  pyroxene  substance  alone  or  practically 
alone  as  a  glass  base.  Fenner's  studies  of  1910  prove  this  fact  for  the 
New  Jersey  basalts  and  Lacroix's  work  on  the  basalts  of  Reunion  agrees 
entirely.  In  largely  glassy  types  he  tinds  that  the  earliest  microlites,  as 
well  as  any  phenocrysts  there  may  be,  are  of  both  augite  and  labradorite. 
Brown  spherulites  of  a  pyroxenic  nature  may  be  abundant  when  the  total 
amount  of  crystallization  is  quite  moderate.  To  be  sure,  when  the  crys- 
tallization has  advanced  practically  to  completion  an  ophitic  texture 
results  and  Lacroix  concludes  from  this  texture  that  pyroxene  crystallized 
later  than  plagioclase,  a  conclusion  which  does  not  appear  to  be  sup- 
ported by  his  own  observations  of  the  stages  of  development  of  crystalli- 
zation in  the  partly  glassy  types. ^  If  we  accept  Fenner's  conclusion  of 
1910  that  the  ophitic  texture  does  not  indicate  late  crystallization  of 
pyroxene  there  is  no  conflict  between  the  observations  on  these  Reunion 
basalts. 

While  it  is  believed  that  the  evidence  of  these  quenched  glass  phases 
utterly  negatives  the  conclusion  that  fractional  crystallization  of  basaltic 
magma  would  give  a  highly  pyroxenic  late  differentiate,  we  shall  not 
place  principal  reliance  on  these  observations.  They  are  always  open  to 
the  possible  objection  that  these  basalts  crystallized  from  a  strongly 
undercooled  state  and  that  the  course  of  crystallization  observed  is  not 
that  in  more  slowly  cooled  masses.  This  objection  is  not,  however,  likely 
to  favor  the  conception  that  the  plagioclase  separates  out  completely 
at  an  early  stage  in  the  more  slowly  cooled  masses,  for  the  more  slowly 
a  basaltic  liquid  is  cooled  the  more  its  texture  approaches  the  gabbroid 
which  indicates  essentially  contemporaneous  crystallization  of  pyroxene 
and  plagioclase.  Indeed,  if  we  accept  unreservedly  the  conclusion  that 
the  partly  glassy  basalts  prove  the  storing  up  of  pyroxene  in  the  residual 
liquid,  it  is  this  condition,  if  any,  that  is  to  be  regarded  as  aberrant  and 
probably  due  to  rapid  crystallization  from  an  undercooled  state,  whereas 
it  is  with  slow  crystallization  that  we  are  concerned  in  discussing  differ- 
entiation. There  are,  however,  as  we  have  seen,  the  strongest  reasons  for 
doubting  the  validity  of  this  conclusion  even  for  the  quickly  chilled 
varieties. 

We  may,  then,  state  it  as  the  conclusion  of  this  section  that  in  the 
crystallization  of  basaltic  magma  plagioclase  and  pyroxene  crystallize 
out  together  at  a  very  early  period. 

1  Lacroix,  Compt.  rend.,  154,  p.  252,  1912. 
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THE   IMPORTANCE  OF   THE   EARLY   SEPARATION   OK  OLIVINE 

In  the  preceding  section  we  have  given  some  attention  to  the  crystalli- 
zation of  basaltic  magma,  especially  to  the  sensibly  simultaneous  separa- 
tion of  feldspar  and  pyroxene  at  early  stages.  In  the  very  earliest  stages 
the  femic  material  separating  from  a  great  many  basalts  is  olivine.  I'his 
fact  does  not,  of  course,  weaken  the  conclusion  that  there  is  no  general 
enrichment  of  the  residual  liquid  in  femic  constituents.  However,  an 
effect  upon  the  residual  liquid  is  [produced  which  is  different  from  that 
produced  when  only  pyroxene  and  plagioclase  separate,  and  to  this 
effect  attention  is  now  directed. 

In  certain  investigated  systems  it  has  been  found  that  the  olivine, 
forsterite,  has  a  reaction  relation  to  the  liquid.  It  separates  from  the 
liquid  in  amounts  greater  than  its  actual  stoichiometric  proportion,  later 
to  react  with  the  liquid  to  be  partially  or  wholly  converted  to  pyroxene. 
Upon  the  extent  of  this  reaction  depends,  to  a  very  considerable  degree, 
the  future  course  of  the  liquid  and  the  products  of  its  crystallization, 
especially  the  presence  or  absence  of  free  silica  among  the  late  crystals. 
If  necessary,  the  reader  may  refresh  his  memory  by  reference  to  Figs. 
7,  14,  18,  19  and  20,  and  the  discussion  thereof.  The  question  now  to  be 
considered  is  whether  the  olivine  of  rocks  and  especially  basaltic  rocks 
bears  a  similar  reaction  relation  to  pyroxene  and  to  magmatic  liquids. 

The  objection  has  been  raised  that  this  reaction  takes  place  at  1557° 
in  the  system  MgO-SiOo  and  since  rocks  crystallize  at  temperatures  far 
below  this  it  can  have  no  application  to  magmas.^  The  objection  is,  of 
course,  utterly  absurd.  Even  if  there  were  no  experimental  data  on  the 
subject,  the  elementary  principles  of  phase  equilibrium  show  that  an 
incongruent  melting  point  is  affected  by  the  presence  of  other  substances 
in  the  same  manner  as  an  ordinary  (congruent)  melting  point.  But  quite 
apart  from  theoretical  considerations  it  has  been  shown  experimentally 
that  this  reaction  temperature  is  lowered  some  300°  by  the  presence  of 
the  appropriate  amount  of  anorthite  (see  Fig.  14). 

xAmong  the  criteria  of  the  reaction  relation  is  the  formation  of  reaction 
rims  or  coronas.  The  formation  of  coronas  of  pyroxene  about  olivine  in 
rocks  is  too  well  recognized  to  require  discussion  here.  Another  indication 
of  the  reaction  relation  of  a  mineral  is  the  fact  that  it  crystallizes  out  at 
an  early  stage,  then  ceases  to  crystallize  and  is  wholly  unrepresented 
among  the  later  crystallization  products  of  the  magma.  Olivine  meets 
this  requirement  eminently. 

Another  characteristic  of  a  mineral  having  a  reaction  relation  is  that 
it  may  separate  in  an  amount  greater  than  its  actual  stoichiometric  pro- 
portion in  the  mixture.  There  is  no  necessity  that  a  reaction  mineral 
should  always  do  so.  That  it  should  sometimes  do  so  is  a  sufficient  indi- 

1  J.  W.  Evans,  Trans.  Faraday  Soc,  No.  to,  VoL  20,  pt.  3,  1925,  p.  474. 
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cation,  for  a  failure  of  excess  separation  can  be  accomplished  in  the 
identical  liquid  by  different  conditions  of  cooling.  Fortunately  there  is  a 
means  of  verifying  the  excess  separation  of  olivine  in  a  large  number  of 
olivine  basalts.  I'he  normative  proportion  of  olivine  is  perhaps  not  an 
exact  value  but  is  certainly  a  very  close  approximation  to  what  may  be 
called  the  stoichiometric  proportion  of  olivine.  It  has  been  repeatedly 
noted  in  olivine  basalts,  especially  where  these  have  a  very  fine-grained 
or  partially  hyaline  base,  that  olivine  has  separated  in  amounts  far  in 
excess  of  the  normative  olivine.  The  fact  has  been  commented  upon  by 
Cross  and  by  Washington  in  connection  with  their  investigation  of 
Hawaiian  and  other  basalts,^  by  Lacroix,  especially  in  his  studies  of 
basalts  of  Madagascar  and  Reunion,-  and  by  Tyrrell.^ 

The  evidence  that  the  reaction  relation  of  olivine,  demonstrated  in 
investigated  systems,  persists  in  the  more  complex  natural  magmas  is 
thus  entirely  satisfactory.  Some  petrologists  have  liked  to  think  that 
high  pressure  or  the  presence  of  volatile  components  destroys  the  rela- 
tion, but  this  brief  review  of  the  actual  relations  displayed  in  rocks  does 
not  justify  their  hopes.  Curiously  enough,  other  petrologists,  admitting 
that  the  relation  exists  in  magmas  but  wishing  to  minimize  the  impor- 
tance of  experimental  work,  insist  that  the  existence  of  the  reaction 
relation  is  caused  by  the  presence  of  volatiles.  No  better  examples  could 
be  found  of  the  tendency  to  confer  omnipotence  upon  the  volatile  com- 
ponents. The  facts  show  that  we  are  dealing  with  a  dry-melt  relation,  no 
doubt  modified,  possibly  enhanced,  but  certainly  not  destroyed  by  the 
presence  of  volatiles.  The  reaction  relation  of  olivine  to  liquid  carries 
with  it  an  inevitable  consequence.  The  early  separation  of  olivine  in 
excess  of  its  actual  stoichiometric  proportions  necessitates  the  late  forma- 
tion of  free  silica,  if  for  any  reason,  such  as  relative  motion  of  crystals 
and  liquid,  the  olivine  fails  of  complete  reaction. 

This  fact  is  of  great  general  significance  in  the  genesis  of  rock  types. 
A  very  simple  example  illustrating  its  consequences  is  afforded  by  the 
Palisade  diabase  sill  of  New  Jersey.  In  this  igneous  body  there  is  a  layer 
near  the  base  much  enriched  in  olivine  crystals,  while  the  rest  of  the 
mass,  except  at  the  chilled  contacts,  is  free  from  olivine.  Lewis  inter- 
prets this  olivine-rich  layer  as  formed  by  the  accumulation  of  sunken 
olivine  crystals  from  the  overlying  mass.'*  If  the  olivine  has  the  reaction 

1  whitman  Cross,  U.S.  Geol.  Surv.  Prof.  Paper  88,  1915,  p.  55;  H.  S.  Washington,  .imer.  Jour.  Sci., 

5,   1923,  pp.  469-70. 

i:  A.    Lacroix,    Mineralocjie   de   Madagascar,    III,    1923,   p.    46;    Analysis    B    and    foot-note    2;    also 

Compt.  rend.,   177,  1923,  p.  663. 

i  G.  W.  Tyrrell,  "Petrography  of  Jan  Mayen,"  Trans  Roy.  Soc.  Edin.,  I4,  1926,  p.  762. 

4  J.  Volney  Lewis,  Geol.  Surv.  New  Jersey,  1907.  Pt.  IV,  pp.  109  ff. 
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relation  to  liquid  tliat  it  is  touud  to  display  in  investigated  systems  then 
its  removal  from  the  upper  parts  of  the  sill  should  have  induced  the 
formation  of  quartz  in  those  parts.  Quartz  does  occur  as  a  constituent 
of  interstitial  micropegmatite  throughout  the  main  body  of  the  sill. 
Fenner,  while  accepting  the  sinking  of  olivine,  denies  that  it  has  any- 
thing to  do  with  the  formation  ot  quartz  in  the  rest  of  the  mass.'  Now  it 
is  quite  probable  that  this  Palisade  diabase  magma  would  have  developed 
some  quartz  even  it  there  had  been  no  sinking  of  olivine,  for  the  norm 
of  the  chilled  contact  phase  (presumably  representing  the  original 
magma  as  intruded)  contains  a  very  little  quartz,-  and  normative  min- 
erals are  on  the  whole  the  most  siliceous  possible.  Still  the  magma  was 
not  so  siliceous  that  it  could  not  develop  olivine  as  an  early  mineral  and 
it  therefore  presents  a  parallel  with  those  liquids  of  investigated  systems 
which,  while  containing  more  than  enough  silica  to  form  magnesium 
metasilicate,  yet  lie  in  the  forsterite  tield  and  precipitate  forsterite  as  an 
early  phase  (e.g.,  S  of  Fig,  14).  In  these  simple  liquids  removal  of  the 
forsterite  augments  the  amount  of  free  silica  formed.  If  the  olivine  of  the 
Palisade  magma  had  the  same  reaction  relation  to  the  liquid,  then  its 
sinking  must  have  augmented  the  amount  of  quartz.  Lewis  points  out 
that  in  the  quickly  chilled  facies  at  the  upper  margin,  from  which  olivine 
crystals  did  not  have  the  opportunity  to  settle,  the  olivine  crystals  have 
a  reaction  rim  of  enstatite.''  The  reaction  relation  of  olivine  is  further 
demonstrated  by  a  fact  brought  out  by  all  studies  of  the  rock  and  ad- 
mitted by  Fenner,  viz.,  that  olivine  began  and  ceased  to  crystallize  at  an 
early  stage.  No  crystalline  phase  can  cease  to  separate  at  an  early  stage 
unless  it  has  a  reaction  relation.  In  the  absence  of  such  a  relation  it  must 
be  represented  among  the  final  crystals.  These  observations  remove  the 
whole  matter  from  the  realm  of  the  debatable.  The  sinking  of  olivine 
crystals  from  the  main  mass  of  the  diabase  and  consequent  lack  of 
opportunity  for  the  liquid  to  react  with  olivine  must  have  constituted  a 
source  of  quartz. 

In  this  connection  it  would  perhaps  be  well  to  reproduce  a  table  of  the 
mineral  constitution  of  the  different  facies  of  the  diabase  as  given  by 
Lewis  (p.  123).  If  the  micropegmatite  interstices  with  their  free  quartz 
are  secondary,  as  Fenner  contends,  it  is  a  very  remarkable  fact  that  the 
secondary  action  studiously  avoids  the  olivine  diabase  proper  and  the 
phases  of  the  diabase  associated  with  it  which  contain  smaller  amounts 
of  olivine.  The  table  demonstrates  the  complementary  nature  of  olivine 
and  quartz,  a  fact  which  is  rationally  explained  by  the  reaction  relation 
of  olivine  and  liquid  but  is  wholly  unaccounted  for  by  any  kind  of  sec- 

1  Fenner,  Jour.  Ceol.,  34,  1926,  p.  740. 

2  Lewis,  op.  cit.,  p.  121,  Analyses  IV  and  V;  and  \Vashington's  Tables,  1917,  Analyses  21,  p.  640, 
and  27,  p.  642. 

3  Lewis,   op.  cit.,  pp.   115,    127. 
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ondary  action.  Attack  of  the  salic  residuum  upon  surrounding  minerals 
is  no  evidence  of  its  secondary  nature.  The  residuum  formed  by  frac- 
tional crystallization  should  have  a  tendency  to  attack  earlier  minerals 
when  these  minerals  are  members  of  reaction  series,  and  it  is  the  failure 
of  completion  of  this  reaction  that  constitutes  fractional  crystallization. 
While  the  Table  is  before  us  we  may  refer  to  another  feature  of  this 

TABLE   IV 

MINER.AL   CONSTITUTION   OF  THE  PALISADE   INTRUSIVE   DIABASE 


Quartz 

Feldspar 

Augite 

Biotite 

olivine 

Ores 

Apatite 

I — Homestead,  Pennsylvania  R.R.  tunnels,  4C0  feet  from  west  end. 

II — Marion  Station,  Jersey  City,  coarse-grained  rock  420  feet  east  of  platform. 

Ill — Englewcod  ClifFs,   immediately  below  the  olivine-diabase. 

IV^Englewood  Cliffs,  immediately  above  the  olivine-diabase. 

V — Weehawken,   apparently   intruded  into  the  olivine-diaba^e,  in   roadside   near  West  Shore  ferry. 

VI — Weehawken,  road  near  West  Shore  ferry,  olivine-diabase. 

VII — Englewood  Cliffs,  olivine-diabase. 

differentiated  mass.  The  portions  of  the  mass  intimately  associated 
with  the  olivine  diabase  are  enriched  in  augite.  There  has  plainly  been 
quite  notable  sinking  of  augite  crystals  as  well  as  olivine.  The  augite 
could  not  collect  entirely  in  a  definite  layer  because  it  did  not  cease 
to  crystallize  at  an  early  stage  as  did  olivine.  The  crystallization  of 
augite  continued  until  quite  late  stages  and  its  settling  was  gradually 
brought  to  an  end  by  the  crowding  of  plagioclase  and  augite  crystals. 
Fenner  contends  that  separation  "ceased  abruptly"  but  does  not  point 
to  any  feature  of  the  mass  which  indicates  this,  indeed  he  describes  very 
clearly  a  process  which  would  bring  about  a  gradual  cessation  of  sinking 
of  crystals.  But  the  probability  that  this  action  was  slowly  brought  to  an 
end  at  a  certain  stage  in  the  Palisade  mass  does  not  indicate  that  it 
would  cease  at  the  same  stage  in  a  large  and  much  more  slowly  cooled 
mass.  The  very  fact  that  any  effect  of  this  kind  is  unknown  in  most 
small  bodies,  and  that  one  must  go  to  considerable  masses  like  the  Pali- 
sade sill  to  find  it,  justifies  the  assumption  that  the  same  action  may 
take  place  to  a  greater  extent  in  the  really  large  masses  of  which  the 
lower  portions  are  inaccessible.  But,  even  if  it  were  true  that  in  any 
mass  of  basaltic  magma,  however  large,  crystal  settling  would  be 
brought  to  an  end  at  precisely  the  same  stage  as  it  was  in  the  Palisade 
sill  this  fact  would  not  prove  that  the  Palisade  mass  has  exhausted  the 
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possibilities  of  crystal li'/.ation  differentiation.  Crystal  fractionation  does 
not  depend  solely,  nor  perhaps  even  principally,  upon  the  gravitative  sep- 
aration of  crystals.  1'he  zoning  of  crystals  is  a  very  important  process, 
indeed  was  so  in  the  Palisade  body,  and  the  squeezing  out  of  liquid 
residues  may,  perhaps,  be  the  most  important  of  all. 

The  example  just  given  of  a  case  of  differentiation  (Palisade  sill) 
in  which  the  early  separation  of  olivine  has  augmented  the  late  develop- 
ment of  quartz  has  been  shown  to  present  a  certain  parallelism  with  in- 
vestigated liquids  which  have  a  slight  excess  of  silica  and  yet  may 
precipitate  olivine  in  early  stages.  We  shall  turn  now  to  the  case  of 
liquids  that  are  definitely  more  basic,  having  a  deficiency  of  silica,  in 
order  to  show  that  they  too  are  analogous  to  investigated  liquids  in  that 
the  early  separation  of  olivine  may  take  place  in  excess  of  its  stoichio- 
metric amount  and  thus  may  transfer  the  liquid  residue  at  this  stage 
to  the  class  containing  an  excess  of  silica.  This  character  of  the  liquid 
residue  will  be  retained  if  for  any  reason  there  is  failure  of  complete 
reaction  with  the  excess  olivine. 

The  excess  silica  of  such  liquids  is  ordinarily  manifested  as  quartz 
occurring  as  a  late  crystallization,  in  most  cases  as  a  constituent  of  micro- 
pegmatite.  This  interstitial  acid  material,  appearing  so  frequently  in 
basic  rocks,  has,  largely  by  reason  of  its  strong  contrast  with  the  rest  of 
the  rock,  been  considered  by  many  investigators  to  be  the  result  of 
contamination  of  the  magma  by  wholly  extraneous  salic  rock.  There  is 
no  objection  to  such  action  as  a  possible  means  of  production  of  salic 
interstices  and  the  factors  controlling  it  will  be  discussed  in  another 
chapter.  Nevertheless,  contamination  is  by  no  means  essential  to  the 
production  of  the  salic  residue.  We  shall  discuss  this  problem  with 
special  reference  to  the  basaltic  lavas  of  the  Brito-Arctic  region,  particu- 
larly the  Hebridean  area,  because  the  problem  has  been  brought  up  in 
that  connection. 

The  authors  of  the  Mull  Memoir  divide  the  igneous  rocks  of  their 
area  into  "magma  types,"  the  distinction  between  types  being  "based  upon 
composition  alone"^  and  having  no  reference  to  the  state  of  crystalliza- 
tion. Among  their  various  basalts  they  recognize  a  Plateau  type  and 
a  Non-Porphyritic  Central  type  to  which  they  assign  the  compositions 
shown  in  the  Table  opposite. 

The  development  of  all  their  more  salic  types  from  the  Non-Porphy- 
ritic Central  type  they  are  able  to  accomplish  by  a  straightforward  pro- 
cess of  crystallization  differentiation  because  the  latter  normally  has 
salic  intersertal  matter.  Of  the  passage  from  the  Plateau  type   (which 

1  "Tertiary  and  Post-Tertiary  Geology  of  Mull,  Loch  Aline  and  Oban,"  Mem.  Geol.  Surv.  Scot.. 
1924,  p.  13. 
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they  regard  as  probably  {)arental)  to  the  Non-Porphyritic  Central  type 
they  are  not  so  sure.  On  this  point  they  state: 

"If  it  be  admitted  that  the  Plateau  magma-type  holds  a  parental 
position  in  Mull  petrology,  a  difficulty  is  at  once  manifest.  In  its 
most  typical  representatives,  analcite  and  natrolite,  rather  than 
quartz,  seem  to  be  the  last  products  of  consolidation.  How  then  was 
the  passage  brought  about  from  the  Plateau  magma-type  to  the 
unstable  Non-Porphyritic  Central  type? 

"A  possible  answer  is  that  diopside,  spinel,  and  silica  might  result 
during  crystallization  as  an  alternative  to  aluminous  augite,  or  that 
a  magnesian  olivine,  magnetite,  and  silica  might  develop  instead 
of  a  ferriferous  olivine ;  but  Mull  does  not  seem  to  supply  evidence 
bearing  upon  such  matters.  Possibly  the  change  from  the  one 
magma-type  to  the  other  was  due  in  part  to  assimilation,  as  Pro- 
fessor Daly  has  argued  in  comparable  cases.  There  is  again  no 
direct  evidence  bearing  upon  this  point ;  all  that  can  be  said  is  that 
if  assimilation  has  been  of  importance  in  modifying  the  Mull 
Magma  it  must  have  been  accomplished  at  a  high  temperature  under 
conditions  admitting  of  complete  admixture  of  melted  sediment  and 
original  magma^  There  is  no  inherent  impossibility  in  this  concep- 
tion." 

They  thus  leave  the  matter  open,  but  in  the  chemistry  of  these  types  there 
is  a  very  definite  reason  for  choosing  between  the  method  of  crystalliza- 
tion-differentiation and  the  method  of  assimilation  as  a  means  of  pas- 
sage from  the  more  basic  to  the  more  salic  of  the  two. 

TABLE   V 

COMPARISON    OF    HEBRIDEAN    MAGMA-TYPES 


S1O2 
ALO:. 

FeO+  I 

Fe.O;,    S 

MgO 

CaO 

Na^O 

K.O 


plateau  Type 

Non-Porphyritic 
Central  Type 

45 
15 

50 
13 

13 

13 

8 

9 

2.5 
0.5 

5 
10 
2.8 
1.2 

To  change  the  Plateau  magma  to  Non-Porphyritic  Central  magma  by 
assimilation,  material  of  a  certain  type  must  be  added.  To  make  the  same 
change  by  fractional  crystallization  material  of  a  certain  type  must  be 

1  Italics  are  mine,  and  are  used  to  emphasize  the  fact  that  for  this  example,  the  relation  between 
the  two  magmas  and  the  supposed  sediment  should  be  a  purely  additive  one. 
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subtracted.  When  these  two  materials  are  compared  the  choice  of  pro- 
cesses is  readily  made.  By  a  graphic  construction  we  may  ascertain  the 
possible  compositions  of  the  added  and  subtracted  substances.  In  Fig.  22 
the   compositions   of   the  two   magmas   are   plotted   as    in   the   ordinary 
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Fig.  22.     Addition  and   subtraction   diagram  showing  the   relation   between   the 
plateau   Magma   type    (P)    and   the   Non-Porphyritic    Central    Magma   type    (C) 

of  Mull. 


variation  diagram,  the  Plateau  magma  at  P,  the  Central  magma  at  C. 
The  two  {)oints  indicating  the  proportions  of  each  oxide  are  joined  by 
straight  lines  and  these  lines  are  produced  in  both  directions.  When  this 
is  done  it  is  found  that  the  curve  of  K2O  falls  to  zero  at  about  41.5  per 
cent  SiO,  and  the  curve  of  MgO  falls  to  zero  at  58.5  per  cent  SiO,.  Rock 
substance  having  58.5  per  cent  SiOo  (A)  is  therefore  the  most  siliceous 
that  could  be  added,  and  a  crystal  aggregate  having  41.5'  per  cent  SiO.^ 
(S)  the  least  siliceous  material  that  could  be  subtracted  to  produce 
a  change  of  the  required  kind.  The  proportions  of  all  the  other  oxides  in 
these  two  materials  are  fixed  by  their  ordinates  above  these  two  points 
S  and  A.  We  may  therefore  express  the  composition  of  these  as  in 
Table  VI. 
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TABLE  VI 

COMPOSITION    OF    ADDED    AND    SUBTRACTED    MATERIAL    REQUIRED    TO    CHANGE 
PLATEAU   TYPE  TO    NON-PORPH YRITIC   CENTRAL  TYPE 


A 

S 

s 

(Calculated  to  minerals) 

Per  cent 

S'lO. 

58 

41.5 

Plagioclase  (Ab:iTAn,j:i) 

53 

A1203 

9 

16 

_,.    .        1  Forsterite    16  | 
"^'^'■"^  1  Fayalite  11       { 

FeO 

13 

13 

27 

CaO 

12 

10 

f  CaSiOs  3-8      1 

MgO 

0 

8.5 

Diopside  -j  MgSiO^  2.2     \ 

7.5 

Na-O 

3-5 

2.25 

1  FeSiO^   1.5      J 

K2O 

2 

0 

Magnetite 

4-5 

Note:  The  summations  are  not  lOO  because  H.O,  TlO^  and  all  minor  constituents  are  omitted.  In 
making  the  calculation  to  minerals  the  iron  has  been  assumed  to  be  10  per  cent  FeO  and  3  per 
cent  Fe-Oa,  which  corresponds  approximately  with  tlie  distribution  in  the  rocks  under  consideration. 

The  most  siliceous  possible  added  material  (A)  has  a  very  remarkable 
composition.  It  is  very  doubtful  whether  any  mixture  of  known  igneous 
and  sedimentary  rocks  could  approach  such  a  composition.  Moreover, 
even  granting  such  a  mixture  as  possible,  It  would  require  to  be  assimi- 
lated to  the  extent  of  62.5  per  cent  of  the  original  magma  In  order  to 
produce  the  required  change.  Any  less  siliceous  material  would  have 
to  be  assimilated  In  still  greater  amount.  One  can  avoid  the  necessity 
of  adding  so  much  by  assuming  that  the  MgO  curve  is  not  known  accu- 
rately enough  to  fix  Its  Intersection  with  the  axis  of  abscissae  exactly  at 
58.5  per  cent  SiOo.  If  the  Intersection  were  really  at  a  higher  silica  per- 
centage, the  amount  of  this  material  required  to  be  added  would,  of 
course,  be  less,  but  it  would  be  of  still  more  peculiar  composition,  for 
CaO,  Na^O  and  K^O  must  continue  to  mount,  FeO  must  maintain  Its 
high  value,  and  AK.O.,  must  continue  to  fall.  Moreover,  even  a  mass 
containing  70  per  cent  SiOo  must  be  added  to  the  extent  of  25'  per  cent 
of  the  original  liquid.  Plainly  solution  of  foreign  rock  Is  not  a  satis- 
factory means  of  passing  from  the  one  magma  to  the  other. 

Compare  this  result  with  the  straightforward  solution  of  the  problem 
given  by  supposing  that  the  change  was  effected  by  subtraction  of  crys- 
tals. The  material  S  corresponds  accurately  with  the  mineral  composition 
calculated  for  It  In  Table  VI.  It  is  a  mixture  of  a  basic  plagloclase  with 
olivine,  some  pyroxene  and  a  little  magnetite.  All  of  these  are  minerals 
known  to  have  crystallized  from  the  Plateau  magma.  Moreover,  the 
mixture  emphasizes  those  minerals  which,  according  to  direct  observa- 
tion, were  emphasized  In  the  earlier  stages  of  crystallization.  The 
authors  of  the  _Mull  Memoir  state  (pp.  136-7)  :  "Abundant  olivine  is  In 
many  cases  the  only  micro-porphyritic  constituent.  ...  In  some  cases, 
there  is  a  tendency  towards  a  glomero-porpliyritic  grouping  of  the  feld- 
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spars  either  alone  or  with  olivine."  In  other  words  this  material  required 
to  be  subtracted  corresponds  quite  satisfactorily  with  the  kind  of  crystal- 
line material  that  may  reasonably  be  su{)posed  to  have  been  subtracted. 
We  need  not  insist  on  the  actual  figures  calculated;  indeed,  consideration 
of  TiOo  and  of  aluminous  pyroxene  would  change  the  figures  some- 
what, but  that  the  one  magma-type  differs  from  the  other  in  terms  of 
actual  early  minerals  is  not  open  to  question.  It  is  especially  to  be  noted 
that  over  one-half  of  the  Plateau  magma  must  be  crystallized  before 
the  required  change  is  effected. 

In  the  comparison  of  the  two  Mull  magma-types  given  above  there 
would  appear  to  be  sufficient  reason  for  the  statement  that  the  passage 
from  one  to  the  other  was  the  result  of  the  separation  of  crystals  of 
olivine  and  basic  plagioclase.  The  one  type  is  characterized,  when  crys- 
talline, by  the  presence  of  olivine  and,  ordinarily,  the  absence  of  a  salic 
residuum,  the  other  by  the  absence  of  olivine  and  the  presence  of  a  salic 
residuum,  and  there  are  some  intermediate  varieties  that  show  both.  The 
free  silica  of  the  salic  residuum  is  the  result  of  the  separation  of  olivine. 
In  a  number  of  investigated  systems  we  have  seen  that  the  early  crys- 
tallization of  olivine,  if  fractionation  occurs,  will  bring  about  the  forma- 
tion of  a  late  residuum  containing  free  silica.  The  determining  factor 
is  the  continuance  of  the  crystallization  of  olivine  until  the  composition 
of  the  liquid  is  such  that  it  can  be  expressed  only  as  metasilicate  with 
free  silica.  Plainly  the  passage  from  one  magma-type  to  the  other  is  the 
result  of  a  strictly  parallel  relation,  in  fact  the  Plateau  magma-type, 
when  not  cooled  too  rapidly,  may  itself  show  the  salic  residuum  devel- 
oped during  zonal  fractionation  within  the  single  rock.  This  rock  will 
therefore  have  both  olivine  and  free  quartz,  the  latter  in  the  salic 
residuum,  a  form  of  crystallization  of  the  Plateau  magma  which  is 
exemplified  in  the  Early  Basic  Cone  Sheets.^  The  whole  story  rests  upon 
the  fact  that  olivine  bears  a  reaction  relation  to  the  liquid  and  if,  as  a 
result  of  fractionation,  reaction  is  incomplete,  the  liquid  will  remain 
enriched  in  free  silica.  Thus  crystal  fractionation  may  bring  about  not 
only  different  relative  proportions  of  minerals  but,  when  the  reaction 
relation  enters,  it  may  also  induce  the  formation  of  different  assem- 
blages of  minerals,  and  the  passage  from  the  olivine-bearing  rocks  of 
Mull  to  rocks  with  a  quartzose  residuum  is  a  straightforward  result  of 
fractional  crystallization,  just  as  definitely  as  is  the  passage  from  those 
carrying  but  little  of  the  quartzose  residuum  (Intermediate  magma- 
types)  to  those  made  up  principally  of  that  material  (Acid  magma- 
types). 

1  Mull  Memoir,  p.  241. 
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THE   GENERAL  TREND  OF  THE  FRACTIONAL  CRYSTALLIZATION   OF 
BASALTIC  MAGMA  AND  THE   FORMATION  OF  BIOTITE 

The  first  section  of  this  chapter  brought  together,  partly  from  extra- 
polation of  investigated  systems  but  more  from  examination  of  rocks 
themselves,  the  evidence  that  plagioclase  and  pyroxene  separate  together 
from  basaltic  magma  at  a  very  early  stage.  We  have  still  to  consider  the 
general  direction  of  crystallization  subsequent  to  these  early  stages.  In 
some  measure  this  has  been  done  in  treating  the  development  of  free 
silica  at  late  stages  as  a  consequence  of  early  separation  of  olivine. 
This  is,  of  course,  only  a  small  part  of  the  story.  The  question  now  to 
be  raised  is  whether  the  residual  licjuid  is  continually  enriched  in  alka- 
line feldspar  in  a  manner  analogous  to  the  enrichment  in  albite,  found 
in  investigated  systems,  particularly  the  diopside-anorthite-albite  sys- 
tem (Fig.  16). 

The  only  suggestion  alternative  to  the  enrichment  of  the  liquid  in 
alkaline  feldspar  that  has  been  made  is  that  enrichment  in  iron  com- 
pounds occurs.  The  pyroxene  of  basalts  has  been  considered  to  be  so 
different  from  pure  diopside,  especially  in  having  a  notable  content  of 
iron  oxides,  that  crystallization  in  a  system  involving  only  pure  diopside 
has  been  regarded  as  having  little  significance  in  connection  with  the 
crystallization  of  basalt.  The  crystallization  temperature  of  ferriferous 
pyroxene  is  said  to  be  so  low  that  pyroxene  rather  than  alkalic  feldspar 
would  be  stored  up  in  the  liquid  during  crystallization. 

On  the  experimental  side  nothing  of  a  reliable  nature  is  known  of  the 
crystallization  temperatures  of  ferriferous  pyroxenes  nor  of  the  effect 
of  their  presence  in  a  system.  We  must  therefore  turn  to  the  evidence 
of  rocks.  In  reality  we  have  done  a  good  deal  in  this  direction  when  con- 
sidering the  early  stages  of  the  crystallization  of  basalt  as  revealed  in 
partly  glassy  types.  There  we  found  reason  for  agreeing  with  Fenner's 
conclusions  of  1910  that  there  was  no  storing  up  of  ferriferous  pyroxenic 
material  in  the  residual  liquid.  To  be  sure  there  are  some  basalts  in 
which  the  glassy  residuum  is  of  a  brown  color  and  this  glass  has  been 
assumed,  on  the  basis  of  its  color,  to  be  rich  in  iron.  No  one  has  shown 
that  this  glass  is  richer  in  iron  than  the  whole  rock;  indeed,  there  is  little 
reason  to  doubt  that  we  are  there  dealing  with  rapid,  non-fractional 
crystallization  and  that  this  brown  glass  has  sensibly  the  same  composi- 
tion as  the  original  liquid  and,  of  course,  as  the  whole  rock.  In  any  case 
such  rapidly  cooled  rocks  are  not  reliable  indications  of  the  course  of 
crystallization  in  slowly  cooled  magmas  which  are  the  only  magmas  of 
importance  in  connection  with  the  problem  of  crystallization  differentia- 
tion. 

No  support  is  to  be  found  in  more  slowly  cooled  rocks  for  the  belief 
that  there  is  enrichment  of  ferriferous  pyroxene  in  residual  liquids.  A 
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certain  rock  from  Mull  has  an  important  bearing  on  this  question. 
The  rock  as  a  whole  has  about  7.5  per  cent  total  iron  oxides  whereas 
early  crystals  (phenocrysts)  of  pyroxene  contained  in  it  have  29.5  per 
cent  of  those  oxides.  There  is  certainly  no  tendency  towards  enrichment 
in  iron  in  this  case.  On  the  contrary  there  is  abundant  evidence  in  in- 
numerable rocks  of  enrichment  of  the  residual  liquid  in  alkaline  feld- 
spar. We  shall  consider  one  example  in  detail  and  incidentally  we  shall 
find  a  source  of  free  silica  in^  addition  to  that  brought  about  by  the  early 
formation  of  excess  olivine. 

The  course  of  fractional  crystallization  of  basaltic  magma  may  be 
studied  by  considering  an  example  in  which  fractionation  has  occurred 
in  an  individual  rock  as  a  result  of  zoning  of  crystals.  It  is  then  not  a 
question  of  comparing  two  rocks  of  more  or  less  problematical  relation- 
ship, but  the  whole  story  is  read  in  a  single  rock.  A  noritic  gabbro  de- 
scribed by  Asklund^  will  be  chosen,  partly  because  it  has  received  such 
careful  chemical  and  petrographic  study  at  his  hands,  and  partly  because 
it  has  been  considered  by  him  to  disprove  the  hypothesis  that  a  basic 
magma  could  give  an  acid  residuum  by  fractional  crystallization.  The 
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chemical  composition  of  this  noritic  gabbro  is  given  under  I  and  the 
norm  under  II  of  Table  VII.  As  Asklund's  work  shows,  it  is  easy  to  go 
astray  in  the  study  of  crystallization  by  [)lacing  too  much  reliance  upon 
the  norm,  yet  we  are  on  safe  ground  when  we  make  the  statement,  based 
on  the  norm,  that  this  magma  could  have  crystallized  to  a  rock  consisting 

1  B.  Asklund,  "Granites  and  Associated  Basic  Rocks  of  the  Stavsjii  Area,"  Sveriges  Geol.  Undersok. 
Anbok,  17,  1923,  No.  6. 
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almost  exclusively  of  plagioclase  and  hypersthene-augite.  There  is  no 
more  orthoclase  than  could  have  formed  a  homogeneous  mix-crystal 
with  the  plagioclase  though  it  is  just  upon  the  limit.  There  need  have 
been  no  olivine,  or  at  most  very  little,  for  the  pyroxene  would  have  been 
aluminous  and  some  of  the  alumina  assigned  to  anorthite  would  actually 
have  occurred  in  the  pyroxene.  Some  SiOo  and  CaSiOy  allotted  to  anor- 
thite in  the  norm  would  have  been  combined  with  the  molecules  allotted 
to  olivine  and  have  existed  as  pyroxene.  Some  little  of  the  soda  allotted 
to  albite  would  also  have  formed  pyroxene  molecules  and  there  would 
thus  have  been  a  little  more  silica  for  the  conversion  of  olivine  to 
pyroxene.  There  need  have  been  no  quartz,  no  biotite,  no  potash  feld- 
spar as  such,  nothing  but  homogeneous  plagioclase  and  hypersthene- 
augite  with  a  little  titano-magnetite,  and  according  to  the  hypothesis  of 
fractional  crystallization  there  would  have  been  nothing  but  these 
minerals  had  the  magma  been  crystallized  very  rapidly.  Actually  the 
rock  formed  had  the  mineral  composition  given  under  III.  The  cause 
of  this  mineral  composition  was  fractional  crystallization  taking  place 
within  the  rock  itself  as  a  result  of  zoning  of  crystals.  This  fact  is 
brought  out  by  a  consideration  of  the  course  of  crystallization  as  re- 
vealed by  Asklund's  careful  microscopic  analysis.^  The  determined 
course  is  here  given  in  a  graphic  form  (Fig.  23)  rather  than  by  quotation, 
for  this  form  facilitates  the  discussion  of  fractional  crystallization. 

We  note  that,  because  the  early  plagioclase  contained  much  less  of  the 
soda  and  potash  feldspar  molecules  than  the  total  feldspar  composition 
of  the  rock,  there  was  a  continual  storing  of  these  molecules  in  the 
residual  liquid.  We  note  also  that  most  of  the  ferromagnesian  material 
had  crystallized  at  a  relatively  early  stage.  The  remaining  material  of 
that  nature,  finding  itself  in  a  strongly  alkalic  medium,  crystallized  as 
mica  (instead  of  as  pyroxene)  together  with  the  more  sodic  plagioclase 
and  the  microcline,  and  as  a  result  of  the  formation  of  biotite  there  was 
left  some  free  silica  to  crystallize  as  quartz.  Without  this  fractionation 
the  liquid  would  never  have  become  alkaline  enough  to  precipitate  micro- 
cline and  to  develop  biotite  and  there  would  consequently  have  been  no 
quartz.  The  material  of  all  of  these  would  merely  have  gone  into  the 
plagioclase  and  pyroxene. 

After  giving  in  the  descriptive  part  of  his  paper  the  clear  outline  of 
the  course  of  crystallization  of  the  noritic  gabbro  and  picturing  the  early 
crystallization  of  pyroxene  and  basic  plagioclase  with  final  crystalliza- 
tion of  the  salic  residuum  (alkaline  feldspars,  biotite  and  quartz),  it  is 
scarcely  credible  that  in  the  theoretical  part  Asklund  is  able  to  convince 

1  op.  cit.,  p.   69. 
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himself,  by  assuming  tlie  separation  of  normative  minerals,  that  the 
noritic  gabbro  could  not  crystallize  in  such  a  way  as  to  give  a  salic 
residuum.^  Because  there  is  not  enough  silica  to  make  all  the  bases  into 
metasilicates  in  the  norm  he  believes  that  the  separation  of  hypersthene 
would   render  the  liquid  less   siliceous.   But   the  actual   modal   mineral 
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Fig.  23.  Graph  of  periods  of  crystallization  of  Asklund's  noritic  gabbro.  The 
length  of  the  line  for  each  type  of  mineral  shows  the  length  of  its  period  of 
crystallization  and  together  with  the  thickness  of  the  line  gives  a  rough  indica- 

cation  of  its  quantity. 

hypersthene  is  never  a  meta  silicate.  It  is  always  somewhat  more  basic  and 
in  the  present  instance  it  (and  also  the  diallage)  must  have  a  slightly 
lower  SiOg  percentage  than  the  rock,  otherwise  the  total  composition  of 
the  rock  could  not  be  what  it  is,  for  there  is  a  small  but  definite  content 
of  highly  salic  minerals.  A  silica  content  of  about  51  per  cent  is  common 
in  hypersthene  from  such  rocks.  Asklund's  actual  determination  of  the 
course  of  crystallization  by  direct  observations  is  indisputable;  indeed, 
the  rock  is  typical  of  a  large  class  of  basic  rocks  that  show  granophyric 
or  micropegmatitic  interstices  in  which  this  material  is  almost  univer- 
sally recognized  as  the  last  crystallized  residuum.  Fenner,  as  we  have 
noted,  argues  that  these  interstices  are  secondary  and  formed  by  some 
sort  of  action  taking  place  during  the  last  stages  of  consolidation  of  the 
rock.-  In  the  Asklund  rock  they  are  plainly  no  more  secondary  than  the 

1  Asklund,  op.  cit.,  pp.  93-4. 

2  C.  N.  Fenner,  Jour.  Geol.,  34,   1926,   P-  754- 
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sodic  rim  of  the  plagioclase  and  are  the  result  of  the  same  crystal  frac- 
tionation. 'I'he  fact  that  the  micropegmatite  may  in  some  cases  constitute 
a  separate  mass  occurring  independently  as  an  intrusive,  which  may  be 
quenched  to  a  glass  at  its  margins,  completely  negatives  the  notion  that 
there  is  anything  of  a  secondary  nature  about  it  as  it  ordinarily  occurs  in 
igneous  rocks. 

Another  notion  of  the  origin  of  micropegmatite  interstices  is  disposed 
of  definitely  as  far  as  the  Asklund  rock  is  concerned.  On  account  of  the 
strong  contrast  between  such  interstices  and  the  basic  rock  in  which  they 
are  found,  some  writers,  and  notably  Daly,  have  concluded  that  the  basic 
magma  has  been  contaminated  with  wholly  extraneous  salic  material ; 
in  other  words  that  it  has  assimilated  or  dissolved  a  salic  rock.  Now 
there  is  no  objection  to  this  as  one  possible  means  of  production  of 
salic  interstices,  but  the  described  noritic  gabbro  shows  that  contamina- 
tion is  quite  unnecessary.  The  total  composition  of  the  rock  is  such  that 
there  is  no  excess  silica.  Indeed  there  is  a  deficiency  of  silica  below  that 
necessary  to  convert  all  of  the  bases  into  perfectly  stable  and  mutually 
compatible  silicate  minerals.  This  fact  is  shown  by  the  occurrence  of 
olivine  in  the  norm.  The  rock  is  undersilicated,  not  oversilicated,  and 
yet  there  develops  an  interstitial  material  of  highly  salic  character.  It  is 
the  result  of  crystal  fractionation. 

The  basaltic  material  occurring  as  dikes  and  sills  in  the  Cobalt  and 
adjacent  regions  of  Northern  Ontario  is  often  undersaturated  yet  con- 
tains micropegmatite  interstices.^  Many  other  examples  of  such  rocks 
might  be  mentioned.  The  development  of  free  quartz  at  a  late  stage  is 
the  result  of  those  reactions  which  lead  to  the  formation  in  the  liquid  of 
the  molecules  characteristic  of  mica  and  to  the  precipitation  of  some 
ferromagnesian  and  alkalic  material  in  the  form  of  biotite.  It  is  an  action 
furnishing  a  source  of  free  SiOo  quite  independent  of  any  previous  for- 
mation of  olivine  but  it  may  also  occur  in  conjunction  with  the  olivine 
effect. 

The  continual  enrichment  of  the  liquid  in  alkaline  feldspars,  demon- 
strated in  the  noritic  gabbro  and  other  rocks  just  discussed,  may,  of 
course,  be  effected  by  any  method  of  fractionation  other  than  the  zonal 
method  displayed  by  them.  There  is  also  a  continual  enrichment  in  the 
volatile  constituents  such  as  water,  COo,  S,  Cl,  etc.  From  this  liquid  are 
precipitated  the  minerals  of  the  salic  differentiate,  including  alkaline 
feldspars,  quartz,  and  biotite.  The  chemical  characters  of  these  minerals 
give  direct  evidence  of  a  number  of  equilibrium  reactions  in  the  liquid. 
The  most  important  of  these  reactions  involve  the  breakdown  of  part 
of  the  polysilicate  molecules  as  follows: 

1  N.  L.  Bowen,  Jour.  GeoL,  18,   1910,  p.  660.   W.  H.  Collins,  Geol.  Surv.  Can.  Mem.  95,   1917.  P-  87. 
See  also  norms  of  analyses   in  Washington's  Tables,  p.  605,  Nos.  2  and  4. 
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KAlSigOg  t=^  KAlSiO^  +  2SiO, 
NaAlSigOg  ±^  NaAlSiO.1  +  2SiO. 

There  must  also  exist  sucli  equilibria  as  the  following: 
NaAlSiO,  +  H.,0  ±15  HAlSiO^  +  NaOH 
KAlSiO^  4-  H.O  ±5  HAlSiO^  -j-  KOH 
and,  doubtless, 

NaOH  +  HCl  ±5  NaCl  +  H..O 

2NaOH  +  H.,S  ±5  Na..S  +  2hIo 

2xNaOH  +  CO,  ±^  NaXOg  +  H.O 

with  similar  reactions  for  the  corresponding  potash  compounds,  besides 
very  complicated  equilibria  between  the  molecules  S,  SO.,,  SO^,  C,  CO, 
CO,,  H.S,  H,  H,0,  O,  HCl,  Cl,  etc. 

Though  we  understand  very  little  about  the  exact  form  in  which  iron 
and  magnesia  enter  into  the  micas,  it  appears  that  there  is  the  same 
tendency  to  partial  breakdown  from  the  more  siliceous  metasllicate  to  the 
less  siliceous  orthosilicate. 

There  is  no  doubt  that  the  increased  concentration  of  water  in  the 
magma  at  this  stage  exerts  a  strong  influence  in  promoting  this  break- 
down of  the  polysilicate  molecules  of  the  alkalis  and  the  metasilicates 
of  iron  and  magnesia  into  the  orthosilicate  molecules  with  setting  free 
of  silica,  an  action  w'hich  may  be  compared  with  hydrolysis.  Niggli^ 
ascribes  such  action  to  water  in  discussing  the  rocks  of  Electric  Peak 
and  Sepulchre  Mountains  described  by  Iddings.^  In  some  of  the  deep- 
seated  rocks  of  Electric  Peak  quartz  and  biotite  occur,  whereas  they  are 
absent  in  surface  rocks  of  the  same  composition  at  Sepulchre  Mountains. 
This  is  ascribed  to  loss  of  water  by  the  surface  rocks. 

It  is  not  to  be  imagined  that  any  of  these  reactions  in  the  magma 
begin  abruptly  at  any  special  stage  in  the  history  of  the  magma.  For 
any  given  concentration  of  the  molecules  KAlSi^Og  and  NaAlSiaOg, 
however  small,  there  is  a  certain  corresponding  concentration  of 
KAlSiO^,  NaAlSiO^,  and  SiOo.  During  the  slozv  crystallization  of  the 
basaltic  magma,  with  the  continual  increase  in  the  concentration  of 
KAlSigOs,  NaAlSijOg,  and  the  promoting  agent  water,  there  is  a  cor- 
responding increase  in  the  concentrations  of  KAlSiO^,  NaAlSi04,  SiOsj 
and  others,  until  finally  some  of  these  exceed  their  saturation  limit.  SiOg 
then  separates  as  quartz;  KAlSiO^  with  HAlSi04,  certain  complex  ferro- 
magnesian  molecules,  and  a  limited  amount  of  NaAlSi04  separate  as  a 
solid  solution  making  up  the  mineral  biotite.  The  molecules  which  sepa- 
rate are  not  necessarily  the  most  concentrated ;  certain  others  may  be 
much  more  concentrated,  but  correspondingly  more  soluble.  Neither  is 

1  "Die  gasformigen   Mineralizatcn      im  Matrma,"  Ceolon'sche  Rundschau,  Band  3,   1<)12.   p.  479. 

2  U.S.  Geol.  Survey,  12th  Ann.  Rei  -  ,  1,  1891,  p.  657;  Iddings,  Igneous  Rocks.  I,  pp.   152-3. 
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it  necessary  that  the  molecules  separate  hi  the  stoichiometric  {)roportions 
represented  by  the  reactions  given.  They  are  formed  in  the  liquid  in 
these  proportions,  but  the  extent  of  their  separation  from  the  liquid 
is  determined  by  their  solubility  relations.  The  relative  amounts  of 
quartz  and  biotite  contained  in  a  given  rock  have,  therefore,  no  necessary 
relation  to  the  proportions  of  the  various  molecules  indicated  in  the 
foregoing  reactions.  Indeed,  quartz,  the  one  product  of  these  reactions, 
usually  is  greatly  in  excess  of  biotite  in  salic  differentiates,  but  this  may 
be  principally  due  to  the  fact  that  much  of  the  quartz  has  arisen  from 
other  causes.  There  is  a  relative  storing  up  in  the  liquid  of  the  molecules, 
other  than  SiOo,  which  result  from  these  reactions.  The  molecules  stored 
up  are,  then,  principally  the  very  soluble  and  fusible  compounds  of  the 
alkalis  listed  among  the  products. 

In  the  courses  of  crystallization  just  discussed  there  appears  to  be 
adequate  reason  for  belief  in  the  development  of  granitic  material  as  a 
late  differentiate  of  basaltic  and  a  satisfactory  accounting  for  the  miner- 
alogy of  the  late  differentiate. 

SOME  RELATIONS   INVOLVED   IN   THE   SEPARATION    OF    HORNBLENDE 

We  have  now  examined  two  methods  whereby  free  quartz  may  be 
developed  through  fractional  crystallization  of  basaltic  magma.  We 
have  seen  that  through  the  early  crystallization  of  olivine  there  may  be 
a  storing-up  of  silica  in  the  liquid  which  goes  on  at  the  same  time  as 
the  storing  up  of  alkaline  feldspar  from  the  feldspar  fractionation  and 
thus  gives  a  residuum  rich  in  alkaline  feldspar  with  some  quartz.  Either 
accompanying  this  or  occurring  independently  of  it  there  may  be  a 
reaction  between  ferromagnesian  material  and  potash  feldspar  in  the 
presence  of  water  at  late  stages  (when  the  concentration  of  water  and 
potash  have  reached  appropriate  values)  with  resultant  formation  of 
biotite  and  setting  free  of  quartz.  In  addition  to  these  processes  depend- 
ing on  the  formation  of  olivine  at  an  early  stage  and  of  biotite  at  a  late 
stage  there  is  a  third,  taking  place  dominantly  at  interm.ediate  stages, 
namely,  the  formation  of  hornblende.  It  may  occur  together  with  one  or 
both  of  the  other  processes,  or  it  may  be  omitted  altogether,  a  flexibility 
for  which  we  shall  attempt  to  assign  reasons  on  a  later  page. 

The  formation  of  hornblende  will  be  discussed  with  special  reference 
to  a  series  of  rocks  with  hornblendic  members  described  by  Asklund. 
These  rocks  are  chosen  because  Asklund  has  studied  them  so  minutely 
and  because  he  has  concluded  that  the  series  could  not  be  formed  by 
fractional  crystallization.  The  series  of  rocks  has  for  its  most  basic 
member  the  noritic  gabbro  whose  fractional  crystallization  we  have 
already  discussed  for  the  case  where  fractionation  is  the  result  of 
zoning  of  crystals  within  the  rock  itself.  The  series  passes  from  this 
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member  through  hornblende  diorites  to  quartz  diorites  and  on  to  granites. 
Asklund  attacks  the  problem  of  fractional  crystallization  by  attempting 
to  determine  the  nature  of  the  material  that  must  have  been  subtracted 
from  (crystallized  from)  the  noritic  gabbro  to  give  quartz  diorite.  This 
is  a  proper  mode  of  approach  but  the  problem  is  insoluble  unless  a  fun- 
damental assumption  is  made,  viz.,  that  the  relative  proportion  of  the 
subtracted  material  is  known  or  that  the  percentage  of  some  oxide  in 
the  subtracted  material  is  known.  These  are  not  independent  of  each 
other;  assuming  the  one  fixes  the  other.  Asklund  chose  to  assume  that 
there  was  no  KoO  in  the  subtracted  inaterial  and  in  so  doing,  of  course, 
fixed  the  relative  amount  of  that  material  and  the  percentage  of  all  the 
oxides.  Making  this  assumption  Asklund  deducted  quartz  diorite  from 
noritic  gabbro  and  thus  determined  the  nature  of  the  material  that  must 
be  removed  from  the  noritic  gabbro  to  give  the  quartz  diorite.  The  actual 
calculation  was  carried  out  in  molecular  proportions  and  tiie  result  was 
expressed  as  normative  minerals.^  It  is  given  below. 
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Although  Asklund's  work  shows  plainly  that  he  realizes  the  difference 
between  normative  and  modal  minerals  he  nevertheless  goes  on  to  discuss 
this  result  in  the  following  terms  : 

"Evidently  the  condition  for  fractional  crystallization  must  be  that 
the  MgO  -|-  FeO  in  the  femic  crystallization-phase  crystallized  as  ortho- 
silicates,  and  also  that  CaO  and  Na.O  were  capable  of  crystallizing  as 
silicates  poorer  in  silica  than  pyroxene  or  albite.  The  silicates  poor  in 
silica  which  can  take  up  MgO  and  FeO  can  only  be  olivine  or  biotite.  The 
rapid  settling-out  of  small  quantities  of  olivine  would  give  the  remain- 
ing magma  a  composition  so  rich  in  silica  that  CaO  and  Na.O  could  not 
crystallize  as  silica-poorer  silicates  than  pyroxene  and  albite.  And, 
naturally,  it  would  be  diopsidic  pyroxene,  and  not  Ca-orthosilicate,  that 
would  crystallize  out.  Consequently,  the  whole  of  the  MgO  -|-  FeO 
cannot  be  taken  up  by  olivine,  and  thus  the  formation  of  such  mixtures 
of  minerals  as  those  just  calculated  is  out  of  the  question.  Hence,  finally, 
we  may  state  that  the  crystallization  of  the  norite  cannot  give  remain- 
ing magma-solutions  so  rich  in  silica  as  quartz-diorites  anti  granites. "- 

1  Asklund,  op.  cit.,  p.  95. 

2  idem,  p.  97. 
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If  one  prefers  to  make  such  calculations  with  the  aid  of  normative 
minerals  there  is  only  one  proper  procedure  to  follow,  having  obtained 
a  result  expressed  in  such  minerals.  Magmas  do  not  crystallize  as  norma- 
tive minerals,  they  crystallize  as  modal  minerals,  and  if  one  is  testing 
a  process  which  may  have  resulted  from  crystallization  it  is  necessary  to 
consider  modal  minerals.  In  other  words  one  should  ask  the  question, 
What  modal  minerals  does  such  a  normative  composition  represent? 
When  this  question  is  asked  in  the  present  instance  a  possible  solution 
of  the  problem  is  immediately  apparent.  We  find  that  material  rich  in 
hornblende  could  have  an  abundance  of  the  same  very  basic  normative 
minerals,  as  evidence  of  which  we  reproduce  below  the  analysis  and  the 
normative  composition  of  a  hornblende  from  a  hornblende  gabbro  of 
Ivrea,  Piedmont.^  The  gabbro  is  a  member  of  a  norite-diorite  series 
analogous  to  the  Stavsjo  rocks. 
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Moreover,  hornblendes  usually  recalculate  to  such  basic  molecules,  as 
evidence  of  which  we  may  refer  to  the  norms  of  10  hornblendites  given 
in  Chapter  XIV,  Table  XV. 

In  considering  the  possibility  that  these  rocks  are  related  as  crystal- 
differentiates  it  would  appear  to  be  rather  premature  to  dismiss  the  prob- 
lem without  asking  oneself  whether  a  hornblende-rich  differentiate 
might  not  represent  the  complementary  material.  This  is  especially  true 
when  one  of  the  two  analyzed  rocks,  the  quartz  diorite,  is  a  hornblendic 
rock  and  is  a  member  of  a  series  of  diorites  some  of  which  are  much 
more  basic  than  the  particularly  acid  quartz  diorite  that  was  chosen  for 
analysis.  "These  more  basic  rocks  continuously  pass  into  more  acid, 
granodioritic  rocks"  and  it  was  "this  granodioritic  type  of  the  quartz- 
diorites"  that  "was  analyzed."^ 

We  may  now  question  somewhat  more  closely  the  nature  of  the 
material  that  might  have  been  subtracted  from  the  noritic  gabbro  to 
give  the  quartz  diorite,  confining  ourselves  entirely  to  crystalline  phases 
known  to  have  formed  in  the  described  rock  series.  We  may  obtain  a 
perfectly  general  solution  of  the  problem  graphically  and  the  graph 
is  especially  useful  in  making  clear  the  significance  of  any  assumptions 

1  Frank  R.  Van  Horn,   T.M.P.M.,   17,   1898,  p.  410. 

2  Asklund,  op.  cil.,  pp.  35  and  36. 
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that  are  made  in  obtaining  a  particular  solution.  We  plot  (Fig.  24)  the 
compositions  of  the  two  rocks  as  in  the  ordinary  variation  diagram  and 
produce  the  straight  lines  indicating  the  change  of  each  oxide  in  the 
direction  away  from  quartz  diorite,  i.e.,  to  lower  SiO^  percentage.  Any 
material  whose  composition  is  represented  by  points  on  these  lines  (ver- 
tically above  each  other,  of  course)  has  a  composition  such  that,  if  it 
were  subtracted  from  the  noritic  gabbro,  the  quartz  diorite  would  result. 
We  note  that  the  K^O  line  falls  to  zero  at  45  per  cent  SiOa  and  this  is 
tlierefore  the  most  basic  possible  material,  for  any  more  basic  would 


Fig.  24.     Graphical  solution  of  the  nature  of  the  material  subtracted  from  the 
Stavsjo  noritic  gabbro  (G)  to  give  the  quartz  diorite  (D). 


require  to  have  a  negative  content  of  K.O.  Absence  of  K.O  in  the  sub- 
tracted material  was,  it  will  be  recalled,  the  assumption  made  by  Asklund 
and  he  therefore  obtained  the  particular  solution  of  the  problem  given 
by  the  material  having  45  per  cent  SiOo.  His  result  was  the  most  basic 
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possible  material  and  it  is  not  surprising  that  he  found  an  abundance 
of  basic  molecules  in  its  normative  composition.  But  if  we  are  to  make 
an  appropriate  test  of  the  hypothesis  of  fractional  crystallization  we 
must  make  a  reasonable  assumption  as  to  the  nature  of  the  subtracted 
material.  It  requires  but  a  moment's  thought  to  convince  one  that  the 
assumption  of  no  potasli  is  wholly  unreasonable,  for  the  analyzed  quartz 
diorite  is  of  granodiorite  affinities  and  actually  has  arrived  at  a  stage 
of  crystallization  where  some  potash  feldspar  has  separated  as  such. 
It  is  entirely  out  of  the  question  to  assume  that  there  was  no  potash  in 
the  crystal  complex  previously  separated,  regarding  this  as  made  up 
of  known  minerals  of  the  rock  series,  plagioclase,  pyroxene  and  horn- 
blende. We  must  therefore  choose  a  composition  with  some  K.O,  how 
much  there  is  no  means  of  deciding.  If  we  chose  only  0.5  per  cent  KoO 
the  composition  of  the  subtracted  material  would  be  as  given  below  in 
Table  VIII  with  the  calculated  normative  composition  beside  it. 

TABLE  VIII 

COMPOSITION   AND   NORM   OF   A    POSSIBLE   SUBTRACTED   CRYSTAL   COMPLEX    REQUIRED    TO 
CHANGE   THE   STAVSJO    NORITIC  GABBRO  TO   QUARTZ    DIORITE. 
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This  result  makes  very  clear  the  extreme  consequences  of  the  assump- 
tion made  by  Asklund.  By  permitting  a  very  moderate  and  wholly 
reasonable  potash  content  in  the  subtracted  material  we  obtain  a  compo- 
sition which,  as  its  norm  shows,  could  quite  readily  be  made  up  of 
plagioclase,  pyroxene  and  hornblende,  all  recognized  early  crystal 
phases  in  the  rock  series.  We  thus  see  that,  while  the  material  supposed 
subtracted  by  Asklund  is,  in  view  of  the  chemical  nature  of  hornblende, 
by  no  means  the  impossible  material  he  considers  it  to  be,  it  is  neverthe- 
less unnecessary  to  imagine  a  crystal  complex  as  rich  in  hornblende  as 
his  result  would  require.  A  much  more  moderate  content  of  hornblende 
is  indicated  by  the  solution  given  above  and,  of  course,  still  other  solu- 
tions will  be  obtained,  if  somewhat  greater  potash  content  of  the  sub- 
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tracted  crystals  is  assumed,  with  consequent  further  decrease  in  the  very 
basic  normative  molecules  that  go  to  make  up  modal  hornblende.  No 
unique  solution  of  the  problem  is  possible  but  it  is  plain  that  the  quart/ 
diorite  can  be  derived  from  the  noritic  gabbro  by  the  subtraction  of 
known  early  crystals  of  the  described  rock  series.  It  is  to  be  noted,  too, 
that  the  formation  of  hornblende  at  some  stage  of  the  crystallization 
of  noritic  gabbro  would  augment  the  amount  of  free  quartz  and  therefore 
the  possible  quantity  of  a  quartzose  differentiate.  This  setting  free  of 
quartz  is  a  plain  inference  from  the  very  basic  nature  of  hornblende 
which  we  have  just  discussed,  but  it  is  also  an  observed  fact  in  the 
rock  series  under  discussion.  After  its  complete  consolidation  the  noritic 
gabbro  has  locally  been  transformed  into  a  hornblende-bearing  rock 
and  the  reactions  between  plagioclase  and  hypersthene  which  have  ac- 
complished the  formation  of  hornblende  have  likewise  resulted  in  the 
setting  free  of  quartz.^  When  the  formation  of  hornblende  took  place 
during  the  magmatic  stage,  as  it  did  in  the  diorites,  there  can  be  no 
question  that  it  would  have  a  like  result,  indeed  the  hornblende  of  the 
diorites  has  a  tendency  to  include  some  of  the  quartz  as  small  grains. - 

We  may  now  ask  the  question  why  the  magma  of  the  noritic  gabbro 
could  crystallize  under  certain  conditions  as  the  minerals  of  the  noritic 
gabbro  and  under  other  conditions  gave  the  series  of  rocks,  diorites, 
quartz  diorites  and  granites.  In  both  cases  the  final  goal  aimed  at  durinc; 
crystallization  was  substantially  the  same.  The  late-crystallizing  resi- 
duum of  the  noritic  gabbro  had  the  composition  of  a  biotite  granite  and 
granites  were  the  late  members  of  the  rock  series.  The  intermediate 
stages  were,  however,  different,  that  is,  the  liquid  followed  different 
courses  in  reaching  that  goal.  In  several  investigated  systems  we  have 
seen  that  liquid  may  follow  alternative  courses  and  that  the  determining 
factor  is  the  amount  of  reaction  between  liquid  and  past  crystals  of 
reaction  series.  There  is  much  reason  for  believing  that  the  same  factor 
is  of  fundamental  importance  in  determining  what  course  may  be  fol- 
lowed by  a  crystallizing  natural  magma.  The  crystallization  of  the 
noritic  gabbro  itself  was  characterized  by  high  fractionation  (low 
reaction)  in  the  plagioclase  reaction  series,  the  fractionation  being 
brought  about  by  zoning.  The  product  was  the  characteristic  gabbroid 
rock  with  granophyric  interstices,  occurring  very  commonly  in  nature, 
and  it  would  appear  to  be  in  general  the  result  of  rather  rapid  crystalli- 
zation of  a  mass  of  basaltic  magma  of  moderate  dimensions.  The  asso- 
ciation gabbro-granophyre,  in  which  some  of  the  granophyre  occurs 
as  a  separate  body,  may  reasonably  be  supposed  to  result  from  a  similar 
process  during  which  gravitative  settling  and  squeezing  out  of  residual 

1  Asklund,  op.  cit.,  pp.  21-5. 

2  idem,  p.  35. 
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liquid,  one  or  both,  operated  to  separate  the  granophyric  liquid.  The 
evidence  points,  then,  to  high  fractionation  in  the  plagioclase  reaction 
series,  effected  dominantly  by  zoning,  as  the  principal  factor  in  the 
production  of  the  gabbro-granophyre  association.  The  liquid  passes 
through  every  gradation  of  composition  between  gabbro  and  grano- 
phyre,  the  product  of  crystallization  at  intermediate  stages,  say  the 
dioritic,  being  represented  by  certain  layers  of  the  crystals  (see  Fig.  23) 
and  not  by  a  separate  rock  mass.  The  discontinuity  in  the  crystallization 
series,  that  is  sometimes  claimed,  has  no  real  existence,  though  a  physical 
discontinuity  between  gabbro  and  granophyre  rock  masses  may  result 
from  factors  superimposed  upon  and  in  some  measure  supplementing  the 
zonal  fractionation.  The  dioritic  stage  of  the  gabbro-granophyre  asso- 
ciation is  represented  (normally  only  in  certain  crystal  layers)  by  augite 
diorite,  whereas  the  similar  stage  is  represented  in  a  truly  dioritic  sequence 
as  a  hornblende  diorite,  normally  occurring  as  a  separate  rock.  Since 
Iiornblende  appears  to  contain  essential  water  the  simple  and  obvious 
explanation  of  the  difference  is  that  the  hornblendic  sequence  is  formed 
from  magmas  richer  in  volatile  components.  This  is,  however,  in  all 
probability  not  the  correct  explanation,  or  at  best  only  a  partial  one,  for 
there  is,  in  the  magmas  of  the  two  sequences,  a  characteristic  difference  in 
the  content  of  the  ordinary  oxide  constituents.  This  difference  is  to  be 
referred,  not  necessarily  to  a  contrast  in  the  original  magmas,  but  prob- 
ably to  a  different  placing  of  the  emphasis  in  crystal  fractionation  as  we 
have  already  suggested.  Further  discussion  of  this  method  of  control 
over  the  development  of  the  hornblendic  sequence  must  be  deferred  until 
after  a  consideration  of  the  chemistry  of  the  liquid  lines  of  descent  in 
sub-alkaline  rock  series. 


ADDENDUM 

On  pages  64-66  of  this  chapter  it  was  concluded  from  theoretical 
considerations  that  plagioclase  and  pyroxene  should  separate  together 
from  basaltic  magma  at  very  early  stages  in  its  crystallization.  On 
pages  67-69  the  evidence  of  the  crystallization  of  basalts  in  nature  was 
examined  and  it  was  concluded  that  they  do  behave  in  the  above  man- 
ner. When  this  material  was  in  page  proof,  information  of  an  entirely 
different  character  became  available.  Greig  and  Shepherd  showed  ex- 
perimentally, with  two  Hawaiian  basalts  and  a  Maryland  diabase,  that 
feldspathic  and  femic  constituents  begin  to  crystallize  nearly  simulta- 
neously.' Three  different  lines  of  evidence  are  thus  in  thorough 
agreement. 

1  Greig,  Shepherd  and  Merwin,  Hull.  Geol.  Soc.  Amer.  40,   1929,  p.  94. 


CHAPTER     VII 

THE  LIQUID  LINES  OF  DESCENT  AND  VARIATION 
DIAGRAMS 

GENERAL    CONSIDERATIONS 

A  NUMBER   of   methods    of   plotting    the   chemical    composition    of 

/\  associated  Igneous  rocks  have  been  devised.  The  principal  pur- 
J^  jLpose  of  a  diagram  is,  of  course,  to  offer  a  quick  and  grapliic 
means  of  apprehending  the  chemical  relations  between  the  rocks.  Re- 
garded in  this  light  the  great  majority  of  proposed  diagrams  have  been 
dismal  failures  for  it  is  commonly  easier  to  see  the  relations  of  the  rocks 
in  the  table  of  analyses  than  in  the  diagram.  An  outstanding  exception 
is  the  diagram  now  most  commonly  used,  in  which  the  weight  percentage 
of  each  oxide  is  plotted  on  rectangular  coordinates  against  the  per- 
centage of  one  of  the  oxides,  usually  silica.  A  particular  advantage  is  the 
facility  with  which  one  may  determine  the  nature  of  the  material  that 
must  be  added  to  or  subtracted  from  any  rock  mass  to  obtain  another. 
We  have  already  given  examples  of  its  use  for  this  purpose. 

Harker  has  found  variation  diagrams  particularly  serviceable  in  dis- 
tinguishing between  changes  brought  about  by  differentiation  as  distinct 
from  those  brought  about  by  addition  of  foreign  matter.  In  his  hands 
this  type  of  diagram  has  thus  shown  itself  capable  of  acquiring  a  philo- 
sophic significance  that  is  impossible  in  most  other  types  of  diagram. 

In  considering  the  characteristic  curves  of  variation  of  the  oxides  in 
the  usual  diagrams  for  rock  series  even  Harker  has,  on  the  whole,  a 
tendency  to  look  at  the  matter  from  the  descriptive  rather  than  the  genetic 
viewpoint.  Thus  he  says  of  the  alumina  curve  that  it  declines  at  the 
high  silica  end  because  of  the  coming-in  of  the  alkalic  feldspars  (which 
are  relatively  poor  in  alumina)  and  of  quartz.^  From  the  genetic  view- 
point the  question  is.  Why  do  the  alkali  feldspars  and  quartz  come 
in  and  thus  give  a  falling  alumina  curve?  We  shall  find  that  the  answer 
to  this  and  to  similar  questions  is  forthcoming  when  variation  diagrams 
are  examined  with  the  problem  over  in  mind  of  trying  to  decipher  from 

1  Natural  History  of  the  Igneous  Rorks,  p.   122. 
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them  the  changing  composition  of  the  liquid  and  of  eliminating  from 
them  such  complications  as  are  imported  by  the  fact  that  not  all  rocks 
correspond  in  composition  with  a  possible  liquid.  When  this  is  done  we 
find  in  variation  diagrams  strong  corroborative  evidence  of  crystalliza- 
tion-differentiation. 

We  shall  now  devote  some  space  to  the  consideration  of  variation 
diagrams  with  the  object  of  demonstrating  the  truth  of  the  above  state- 
ment. It  will  first  be  necessary  to  consider  what  the  theory  of  crystalliza- 
tion-differentiation leads  one  to  expect. 

FACTORS  GOVERNING  THE   BUI.K   COMPOSITION   OF   A   ROCK 

The  liquid  in  any  given  example  must  have  followed  some  definite 
course  of  crystallization.  If  in  any  way  a  means  is  provided  in  nature 
for  separating  a  portion  of  the  liquid  at  any  definite  stage  and  of 
forming  a  rock  therefrom  without  further  opportunity  for  variation,  a 
stage  in  the  course  followed  by  the  liquid  is  revealed.  If  a  series  of 
rocks  which  meet  this  requirement  is  available  the  general  course  fol- 
lowed by  the  liquid  is  revealed.  But  a  series  of  rocks  can  at  best  only 
approach  this  condition  as  an  ideal.  The  magma  from  which  any  given 
rock  sample  formed  must  ordinarily  have  arrived  in  the  position  where 
it  congealed  to  that  rock  with  some  crystals  suspended  in  it.  If  these 
crystals  represent  all  of  the  material  which  separated  from  some  other 
liquid  of  the  series  while  it  was  changing  to  the  liquid  in  which  they 
are  now  suspended  the  total  composition  will,  of  course,  still  represent  a 
liquid  of  the  series.  If  the  mass  has  lost  any  of  these  crystals,  or  gained 
any,  it  will  depart  from  the  composition  of  any  liquid  even  though  the 
proportions  of  the  different  kinds  of  crystals  relative  to  each  other  have 
been  unchanged.  Again,  if  there  has  been  any  relative  movement  of 
different  kinds  of  crystals,  then  some  kind  of  crystal  will  be  repre- 
sented in  the  total  composition  in  greater  relative  amount  than  is 
possible  in  a  mass  formed  by  the  direct  congelation  of  any  past  liquid. 
And,  of  course,  some  other  kind  of  crystal  will  be  represented  in  lesser 
relative  amount  than  is  possible  in  a  mass  formed  by  the  direct  congela- 
tion of  any  past  liquid.  We  may  illustrate  these  facts  with  the  aid  of  an 
equilibrium  diagram  for  which  we  may  take,  say,  the  plagioclase-diopside 
diagram  (see  Fig.  17).  During  the  crystallization  of  plagioclase  and 
diopside  from  the  liquid  N  all  possible  compositions  of  the  changing 
liquid  are  represented  by  points  along  the  nearly  straight  boundary 
curve,  NMB,  and  if  the  compositions  of  the  liquids  are  plotted  after  the 
manner  of  the  ordinary  variation  diagram  they  lie  along  smooth  curves 
(nearly  straight  lines).  If  the  separating  plagioclase  and  diopside  re- 
mained precisely  where  formed,  then   the  composition   of  the  uniform 
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final  product  would  be  that  of  the  original  mass,  and  therefore  a  possible 
liquid  of  the  series.  Or  if  a  portion  of  the  liquid  were  separated  at  any 
time  it  would,  of  course,  represent  a  possible  liquid  of  the  series.  Again, 
if  the  separated  liquid  contained  only  a  very  small  amount  of  "past" 
crystals  it  would  ap[)roximate  to  a  possible  liquid,  and  even  if  it  con- 
tained a  considerable  amount  of  "[last"  crystals,  so  long  as  these  were 
approximately  in  the  proportions  in  which  they  were  produced  from 
a  "past"  liquid,  the  total  composition  would  approximate  that  of  the 
"past"  liquid.  But  if  there  was  considerable  relative  movement  of 
plagioclase  and  diopside  crystals  in  the  liquid  then  a  certain  part  of  the 
mass  would  be  enriched  in  diopside  crystals  and  another  part  in  plagio- 
clase crystals.  The  total  composition  of  each  of  these  parts  would  be 
represented  respectively  by  such  points  as  G  and  D.^  Tliey  are  thus  not 
possible  liquids  of  the  series  and  the  points  representing  their  composi- 
tions will  not  lie  on  the  smooth  curves  of  the  variation  diagram  repre- 
senting the  change  of  composition  of  liquid.  Nor  will  they  lie  on  any 
kind  of  smooth  curve.  There  will  be  a  scattering  of  points. 

This  variation  from  any  possible  liquid  may  be  great  or  small  and 
the  mere  analysis  of  a  rock  gives  no  clue  to  the  amount  of  departure 
or  even  to  its  direction.  But  on  the  assumption  that,  usually,  the  de- 
parture is  small  it  is  often  permissible  to  indulge  in  a  certain  amoimt 
of  "smoothing"  of  the  curves  as  is  ordinarily  done  in  constructing  the 
variation  diagram  of  a  series  of  rocks.  The  curves  so  smoothed  thus 
represent  more  or  less  closely  the  change  of  composition  of  the  liqu'd 
during  crystallization. 

We  may  now  consider  what  Indications  there  may  be  in  the  nature 
of  the  rock  as  to  its  probable  approach  to  the  composition  of  a  liquid. 
If  it  is  an  entirely  glassy  rock  the  matter  is  not  open  to  question  and 
again  if  it  is  a  dense,  aphanitic  rock  there  is  ordinarily  little  doubt  of 
its  essential  identity  with  the  liquid  from  which  it  formed.  A  porphyritic 
rock  may  depart  very  little  from  a  possible  liquid  or  it  may  depart  very 
markedly,  and  of  a  panidiomorphic  granular  rock  the  same  is  true. 

RELATIVE    SIGNIFICANCE    OF   THE   DIFFERENT   CLASSES   OF    ROCKS 

Of  the  different  classes  of  rocks  the  effusive  are  more  likely  to  ap- 
proach possible  liquids.  They  are  prone  to  have  a  minimum  of  past 
crystals,  in  part  because  as  these  increase  in  amount  the  liquid  becomes 
less  freely  eruptible,  but  more  because  they  are  probably  derived  in 
general  from  the  uppermost  part  of  a  crystallizing  magma-mass  or  are 
the  filter-pressed  liquid  from  such  a  mass.  We  would  thus  expect  the 

1  It  may  be  of  interest  to  note  that  this  part  of  the  discussion  takes  a  quite  similar  form  to  a 
discussion  of  the  same  factors  by  Tsuboi  though  it  was  written  before  Tsuboi's  [)aper  was  seen. 
cf.  lour.  Imp.  Vniv.  Tokyo,  II,  pt.  2,  1925,  pp.  78-9. 
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points  representing  the  composition  of  the  vocks  of  a  volcanic  field  to 
lie  particularly  close  to  smooth  curves,  which  cu.rves  would  represent, 
approximately,  the  changing  composition  of  the  liquid.  That  the  compo- 
sition of  rocks  of  a  volcanic  field  do  tend  to  be  readily  represented  by 
smooth  curves  appears  to  be  a  fact.  Thus  we  find  Harker  remarking  of 
the  volcanic  rocks  of  Lassen  Peak  that  "the  variation-diagram,  though 
constructed  from  a  large  number  of  analyses,  requires  very  little 
smoothing."^  His  diagram  is  given  in  Fig,  25,  The  same  is  true  of  the 
eruptive  rocks  of  the  Whangerei-Bay  of  Islands  Area  of  New  Zealand,' 
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Fig.  25.     Variation  diagram  (after  Harker)  of  the  rocks  of  Lassen  Peak, 

California. 

of  the  dominantly  volcanic  rocks  of  the  Katmai  region  of  Alaska,''  and 
of  other  areas.  If  only  non-porphyritic  lavas  were  chosen  in  making  such 
plots  a  still  better  approach  to  the  smooth  curves  of  changing  compo- 
sition of  liquids  would  usually  be  obtained. 

Plutonic  masses  of  the  type  known  as  subjacent  might  rather  fre- 
quently show  a  notable  approach  to  the  composition  of  successive  liquids 
in  the  various  associated  rock  types  which  they  dis[)lay,  for  they  may 
represent  to  a  considerable  extent  the  same  sort  of  material  as  lavas. 

1  Natural  History  of  the  Igneous  Rocks,  p.  125. 

~  J.  A.  Bartrum,  Verhandl.  Geologisch-Mijnbouwkundig  Genootschap  Voor  Nederland  en  Kolonien, 

VIII,  1925,  p.  13. 

3  C.  N.  Fenner,  "The  Katmai   Magmatic   Province,"  Jour.   GeoL,  34,    1926,   pp.  673-772. 
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On  the  other  hand,  in  bodies  of  the  kind  known  as  "floored,"  where 
erosion  has  exposed  every  layer  of  the  mass,  the  types  occurring  may 
include  those  in  the  formation  of  which  crystal  accumulation  has  played 
some  part  and,  according  to  the  degree  of  sorting,  the  departure  of  any 
rock  type  from  a  composition  represented  by  a  member  of  the  series 
of  liquids  may  be  very  great.  It  is  not  surprising,  therefore,  that  when 
Fenner  plots  the  composition  of  the  analyzed  rocks  of  the  Palisade  sill, 
in  which  crystal  accumulation  has  certainly  occurred,  he  finds  it  impos- 
sible to  draw  smooth  curves  through  the  points  representing  each  oxide. ^ 
The  same  is  true  of  his  plot  of  all  Mull  analyses-'  and  in  part  for  the 
same  reason,  as  we  shall  attempt  to  show  on  a  later  page.  In  the  Mull 
rocks,  however,  there  is  an  additional  cause  of  the  scattering  of  points 
in  that  two  different  lines  of  descent  are  represented.  The  Mull  authors 
have  clearly  distinguished  between  these  two  lines  of  descent  in  both  their 
field  and  chemical  relations  and  have  plotted  them  on  two  separate  dia- 
grams. When  so  plotted  each  line  of  descent  gives  smooth  curves.^  In 
plotting  them  all  on  one  diagram  Fenner  has  lightly  set  aside  the  results 
of  a  magnificent  example  of  petrologic  study. 

THEORETICAL   SHAPES   OF  THE  CURVES   OF   VARIATION   OF  THE   LIQUID 

Having  considered  what  types  of  rocks  are  most  likely  to  reveal  the 
changing  composition  of  the  liquid,  we  may  now  proceed  to  enquire  into 
the  probable  course  of  the  curve  of  each  oxide.  A  beginning  may  be 
made  with  the  plagioclase-diopside  diagram.  This  has  already  been  done 
in  part  by  Fenner.  Taking  a  certain  mixture  of  this  system  he  plots 
the  changing  composition  of  the  liquid  as  it  crystallizes,  with  the  result 
given  in  Fig.  26.  We  note  that  there  is  a  discontinuity  on  the  curves 
corresponding  with  the  point  at  which  the  boundary  curve  of  the  equi- 
librium diagram  is  encountered  but  that  thereafter  the  curves  are 
nearly  rectilinear.  Now  if  we  had  the  diagram  of  a  series  of  rocks  we 
would  look  at  some  corresponding  point  to  find  a  discontinuity,  that  is, 
we  would  look  to  some  point  where  a  single  separating  mineral  was 
joined  by  a  second  or  a  pair  bj^  a  third.  In  the  Mull  diagram  for  the 
normal  series  (Fig.  27)  such  a  point  is  readily  located.  The  first  courses 
of  the  curves  we  have  found  to  correspond  with  the  separation  of 
olivine  and  plagioclase  (see  Fig.  22  and  discussion  thereof).  These 
courses  change  when  the  lime-bearing  augitic  pyroxene  appears  and 
they  change  in  the  appropriate  direction.  The  curve  of  lime,  which  has 
hitherto  risen  a  little,  now  begins  to  fall  because  the  crystal  assemblage 
now  separating  has  more  lime  than  the  liquid.  Alumina  now  decreases 
less  rapidly  because  there  is  less  plagioclase  in  the  separating  assem- 

1  Fenner,  op.  cit.,  p.  713. 

2  idem,  p.  712. 

3  Mull  Memoir,  Fig.  2,  p.  14,  and  Fig.  4,  p.  27. 


LIQUID  DESCENT  AND  VARIATION  DIAGRAMS 


97 


blage.  Iron,  which  has  remained  nearly  constant,  now  begins  to  decrease, 
because  the  augite  first  separating  is  rich  in  iron.^  After  these  changes 
have  occurred  the  curves  assume  a  nearly  rectilinear  character.  Now  in 


I"IG.  26.     Variation  diagram  (after  Fenner)  illustrating  change  of  composition  of 
liquid  during  crystallization  of  a  liquid  in  the  system,  diopside-anorthite-albite. 


the  Mull  diagram  these  curves  represent  the  simultaneous  crystalliza- 
tion of  augite  and  calcic  plagioclase  and  consequent  storing  up  of 
alkaline  feldspar,  both  sodic  and  potassic,  in  the  residual  liquid.  This 
fact  is  as  well  demonstrated  by  direct  observation  in  the  Mull  series 
as  any  fact  of  igneous  geology  is  likely  to  be.  It  is  not  surprising,  there- 
fore, that  corresponding  curves  of  the  Mull  diagram  have  the  same 
general  slope  (in  so  far  as  the  same  oxides  are  present  in  both)  as  do  the 
curves  of  the  diagram  of  the  investigated  system  (Fig.  26)  where  the 
shape  of  the  curves  is  again  determined  by  the  separation  of  plagioclase 
and  pyroxene  (diopside).  The  curve  of  CaO  falls  rapidly,  that  of  MgO 

1  See:  Analyses  of  phenocrystic  uniaxial   augite.   Mull   Memoir,   p.  34. 
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less  ra[)idly,  while  tluit  of  Na„0  rises  and  ALO3  stays  nearly  constant 
in  both  diagrams. 

Unfortunately  no  silicate  system  of  more  than  three  components  has 
ever  been  completely  investigated  so  it  is  not  possible  to  demonstrate, 
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Fig.  27.     Variation  diagram  (after  Bailey,  Thomas,  et  al.)  of  the  Mull  Normal 

Magma  series. 


from  experimental  determinations,  the  course  of  the  curves  of  other 
oxides.  It  is,  however,  possible  to  make  some  very  useful  deductions  from 
theoretical    considerations.    We    shall    examine    first    the    course   of   the 


LIQUID  DESCENT  AND  \ "ARIATION  DIAGRAMS  99 

curves  of  the  various  oxides  concerned  in  the  crystallization  of  ternary 
mixtures  of  anorthite,  albite,  and  orthoclase.  In  Fig.  28  this  system 
is  represented  as  of  three  components.  Strictly  speaking  this  is  not  correct 
because  orthoclase  melts   incongruently   and   can   itself   be    represented 


Fig.  28.     Ternary  diagram  showing  alternative  courses  of  crystallization  in  the 

feldspar  mixture  X. 


only  as  a  two-component  system.  The  relations  shown  must  therefore 
be  regarded  as  a  projection  from  a  quaternary  system  upon  the  ter- 
nary plane.  We  have  represented  on  this  diagram  the  limits  of  solid 
solution  of  orthoclase  in  plagioclase  and  have  placed  a  boundary  curve 
separating  the  field  of  plagioclase  from  that  of  orthoclase.  For  our 
present  purpose  it  does  not  matter  whether  these  lines  have  been  exactly 
placed  or  not.  We  merely  know  that  the  general  relations  must  be  as 
indicated.  Let  us  now  consider  the  crystallization  of  a  mixture  which 
lies  on  the  line  indicating  the  limit  of  solid  solution  of  orthoclase  in 
plagioclase.  We  may  take  the  mixture  X  which  has  the  composition,  anor- 
thite 4^,  albite  4^,  orthoclase  10.  The  crystallization  of  such  a  mixture 
may  occur  in  different  ways  depending  upon  the  extent  of  fractionation 
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or  the  converse,  reaction.  With  very  quick  chilling,  sucli  tluit  crystullizu- 
tion  took  place  from  a  somewhat  unclercooled  condition,  the  result  would 
be  homogeneous  mix-crystals  or  solid  solutions  having  the  total  com- 
position of  the  original  liquid.  In  this  case  there  would  be  no  change 
of  composition  of  liquid  during  crystallization.  I'he  crystallization 
would  be  non-fractional.  Again,  with  very  slow  cooling  and  no  o{)por- 
tunity  for  relative  motion  of  crystals,  the  early  crystals,  rich  in  anorthite, 
would  be  continually  made  over  into  crystals  having  more  soda  and 
potash  and  as  a  final  product  there  would  again  be  homogeneous  mix- 
crystals  of  the  uniform  composition  of  the  original  liquid.  The  course 
of  the  liquid  in  this  perfect  equilibrium  type  of  crystallization  would  be 
rather  strongly  curved,  such  as  XP,  the  boundary  curve  of  the  ortho- 
clase  field  would  be  barely  attained  and  no  orthoclase  would  separate  as 
a  distinct  phase. 

On  the  other  hand  if  the  cooling  was  at  such  a  rate  that  zoning  of  the 
crystals  was  accomplished,  or  if  fractionation  was  effected  in  any  other 
way  (such  as  by  sinking  of  crystals  or  filter-pressing  of  liquid)  the 
course  of  the  liquid  would  be  considerably  different.  It  would  be  repre- 
sented by  a  curve  such  as  XO,  which  is  drawn  so  as  to  represent  rather 
strong  fractionation.  The  orthoclase  boundary  curve  would  be  reached 
and  at  O  some  crystallization  of  orthoclase  as  a  separate  phase  would 
begin.  Now  the  fractionation  of  the  plagioclase  would  be  practically 
independent  of  the  presence  of  other  phases  so  that  in  this  contrasted 
behavior  we  see  why  a  dolerite,  say,  may  crystallize  in  such  a  way  as  to 
contain  all  the  orthoclase  molecules  in  the  plagioclase,  or  again  may 
crystallize  in  such  a  way  as  to  contain  free  orthoclase  in  the  last- 
crystallizing  residuum. 

However,  at  the  present  time  we  are  particularly  interested  in  the 
variation  of  the  oxides  as  indicated  by  the  course  of  the  liquid.  In  Fig. 
29  and  in  the  full  curves  there  is  plotted,  after  the  method  of  the  ordi- 
nary variation  diagram,  the  change  of  the  various  oxides  corres[)onding 
with  the  curve  XO.  The  curves  for  the  oxides  have,  then,  the  shape  that 
is  necessitated  by  rather  strong  crystal  fractionation  in  the  feldspar 
series.  We  note  that  CaO  and  AI2O3  fall  rapidly  with  increasing  silica 
and  in  particular  that  KgO  increases  at  an  increasing  rate,  that  is,  the 
curve  is  concave  upward.  The  total  increase  of  K^O  is  some  three-  or 
four-fold.  On  the  other  hand  Na.O  increases  at  a  decreasing  rate,  that 
is,  the  curve  is  convex  upward  and  the  total  increase  is  quite  small  (not 
more  than  25  per  cent).  There  is,  moreover,  a  very  distinct  tendency 
for  the  NagO  curve  to  pass  through  a  flat  maximum  and  then  to  de- 
crease, the  K^,0  curve,  meantime,  crossing  it.  Now  these  are  well  recog- 
nized common  tendencies  of  the  curves  of  Na^O  and  K.O  in  sub-alkaline 
series  of  rocks  even  though  they  may  represent  somewhat  different  lines 
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of  descent.  We  direct  attention  in  particular  to  the  Lassen  Peak  and  the 
Mull  diagrams  already  given  (Figs.  25  and  27),  the  one  line  of  descent 
emphasizing  hornblende,  the  other  characterized  by  its  essential  absence, 
hut  in  both  of  them  the  Na„0  and  K.,0  curves  have  these  characters.  We 
may  take  it  therefore  that  the  characteristic  shapes  of  these  curves  are  the 
result  of  fractional  crystallization.  Daly  has  made  the  mistake  of  sup- 
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I'iG.  29.     Variation  diagram  showing  change  of  composition  of  tlie  liquid  during 
the  crystallization  of  the  liquid  X  of  Fig.  28. 

posing  that  during  fractional  crystallization  Na^O  should  increase  in 
about  the  same  ratio  at  K.O  and  has  regarded  the  actual  facts  as  inimical 
to  the  hypothesis  of  fractional  crystallization.^  Analysis  of  the  problem 


1  Jour.  GeoL,  20,  120,  1918. 
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makes  it  plain  that  the  facts  are  precisely  as  one  would  expect  from 
fractional  crystallization. 

An  important  effect  of  fractional  crystallization,  namely,  possible 
variety  of  courses  of  crystallization,  is  well  illustrated  by  the  diagram 
(Fig.  28).  We  have  shown  on  the  figure  the  two  strongly  contrasted 
courses  XO  and  XP,  the  former  characterized  by  strong  fractionation 
(limited  reaction),  the  latter  by  lack  of  fractionation  (complete  re- 
action) of  the  feldspar  series.  Between  the  two  there  is  every  possible 
gradation.  The  curve  XP,  however,  represents  the  course  of  a  liquid 
when  fractionation  is  limited  and  the  reaching  of  the  orthoclase  boundary 
curve  is  barely  accomplished.  If  liquid  approaching  the  composition  P 
were  separated  from  past  crystals  it  would  of  course  precipitate  some 
orthoclase  and  in  it  orthoclase  begins  to  separate  at  a  time  when  the 
[)la^n()c!ase  then  se[)arating  is  still  rather  strongly  calcic,  whereas  with 
strong  fractionation  (XO)  orthoclase  appears  only  when  the  plagioclase 
has  become  particularly  sodic. 

The  variation  of  the  oxides  corresponding  with  XP  is  shown  on  Fig. 
29  as  dotted  curves.  We  see  that  the  dotted  curves  of  CaO  and  AlgO,  are 
not  significantly  different  from  the  full  curves.  The  dotted  curves  of 
NaoO  and  KoO  are,  however,  changed  considerably,  having  in  more 
marked  degree  the  characters  already  pointed  out  in  the  full  curves.  The 
dotted  NaoO  curve  soon  passes  through  its  maximum  and  then  falls 
considerably.  The  mounting  of  the  dotted  K^O  curve  is  correspondingly 
more  rapid. 

In  drawing  the  curves  of  Fig.  29  the  actual  percentage  of  each  oxide 
has  been  calculated  for  various  points  along  the  curved  courses  of 
crystallization  of  Fig.  28.  It  may  be  pointed  out  now  that  the  general 
shape  of  these  curves  could  be  read  from  the  triangular  diagram  (Fig. 
28)  by  mere  inspection.  Since  albite  is  the  only  compound  containing 
NagO,  lines  indicating  constant  Na^O  content  are  one  set  of  the  ordi- 
nary coordinates  of  the  diagram,  viz.,  that  set  parallel  to  the  side  of  the 
triangle  opposite  to  the  albite  corner.  The  curves  XO  and  XP,  indicating 
the  changing  composition  of  the  liquid,  at  first  cut  across  this  set  of  lines 
in  the  direction  of  increasing  albite  (or  Na^O),  then  become  parallel  to 
them  and  then  again  cut  them  but  now  in  the  direction  of  decreasing 
albite  (or  Na20).  The  Na^O  content  of  the  liquid  thus  increases,  passes 
through  a  maximum  and  then  diminishes  as  crystallization  proceeds.  It 
is,  of  course,  necessary  in  addition  to  show  that  this  is  a  course  of  increas- 
ing SiOg  so  that  the  character  described  will  persist  when  plotted  against 
SiO,.  Anorthite  has  the  least  SiOg  of  the  three  components.  Orthoclase 
and  albite  have  so  nearly  the  same  amount  of  SiO,  that  the  lines  of 
constant  SiOs  are  nearly  parallel  to  the  orthoclase-albite  side  of  the 
triangle.  Plainly  the  curved  courses  of  crystallization  cut  across  these 
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at  all  times  in  the  direction  of  increasing  SiOo.  By  mere  inspection  of 
Fig.  28,  then,  it  could  be  stated  that  the  curve  of  NaoO,  when  plotted 
against  SiOo,  would  rise,  pass  through  a  maximum,  and  then  fall.  The 
general  course  of  each  of  the  other  curves  of  the  oxides  can  be  read  in 
a  similar  manner  from  the  triangular  crystallization  diagram.  One  fea- 
ture is  particularly  worthy  of  note.  Since  anorthite  is  the  only  compound 
containing  CaO  the  lines  of  constant  CaO  content  are  parallel  to  the 
side  opposite  the  anorthite  corner,  i.e.,  the  albite-orthoclase  side.  We 
have  already  noted  that  the  lines  of  constant  SiO,  content  are  nearly 
parallel  to  that  side.  Lines  of  constant  CaO  and  of  constant  SiO.^  are 
thus  nearly  parallel  to  each  other.  Therefore,  any  course  of  crystalliza- 
tion in  mixtures  of  these  three,  be  it  curved,  tortuous  or  even  discon- 
tinuous, will  appear  as  a  nearly  straight  line  on  a  plot  of  CaO  against 
SiOo  after  the  manner  of  the  ordinary  variation  diagram.  A  like  condi- 
tion is  true  of  ALOg  and  for  like  reasons.  It  is  not  surprising,  therefore, 
tliat  in  Fig.  29  we  found  nearly  linear  curves  for  CaO  and  AUOg 
whether  the  course  of  crystallization  was  strongly  curved,  as  a  result  of 
strong  reaction,  or  but  slightly  curved,  as  a  result  of  weak  reaction. 

We  may  now  inquire  into  the  effects  produced  on  these  curves  by  the 
presence  of  other  substances.  One  method  of  regarding  the  matter  is  to 
consider  these  substances  as  mere  diluents.  The  other  substances  present 
together  with  plagioclase  in  the  more  basic  rocks,  such  as  basalt,  consti- 
tute approximately  50  per  cent  so  that  the  low-silica  ends  of  the  curves 
of  those  oxides  that  are  confined  almost  exclusively  to  the  plagioclase 
will  move  about  half  way  towards  the  axis  of  SiOo.  Thus  AlgOg,  Na20 
and  KoO  will  be  reduced  about  one-half  at  the  low-silica  end,  but  not 
so  CaO  which  is  present  in  other  constituents  in  prominent  amounts. 
Feldspar  becomes  an  increasingly  important  constituent  of  the  more 
salic  members,  quartz  coming  in  as  a  diluent  but  usually  only  to  the 
extent  of  about  25  per  cent.  The  high-silica  ends  of  the  curves  are  thus 
moved  down  but  not  as  much  as  the  low-silica  ends  and,  in  particular, 
since  the  diluent  is  silica,  the  curves  are  stretched  out  to  higher  silica 
percentages.  When  the  curves  of  variation  of  oxides  (except  CaO)  in  the 
pure  feldspar  liquids  are  thus  modified  they  remain  of  the  same  general 
shape  but  less  strongly  curved  and  swung  from  their  original  course 
in  such  a  way  that  their  low-silica  ends  are  much  lowered,  their  high- 
silica  ends  not  so  much.  They  would  thus  present  a  satisfactory  degree 
of  correspondence  with  the  curves  of  typical  rock  scries.  Alumina  thus 
falls  less  rapidly  than  lime  and  not  at  a  parallel  rate  as  in  the  pure 
feldspar  liquids.  It  is  particularly  noteworthy  that  the  curves  corre- 
sponding with  an  intermediate  degree  of  reaction,  when  they  are  thus 
modified,  would  give  a  roughly  constant  amount  of  Na^O  and  a  rather 
rapidly  increasing  amount  of  K^O.  The  curves  corresponding  with  a 
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high  degree  of  fractionation  will  show  soda  mounting  considerably 
and  thus  not  so  great  a  contrast  in  the  rates  for  Na^O  and  K^O.  Now 
we  have  seen  that  the  association,  gabbro-granophyre,  is  ordinarily 
representative  of  a  high  degree  of  fractionation  in  the  feldspar  series 
and  it  is  not  surprising  therefore  that  granophyres  of  this  association 
have  a  tendency  to  run  higher  in  soda  than  the  general  average  of 
granites.  Thus  we  find  that  the  average  of  12  "granophyres"  in  Wash- 
ington's Tables  (1917)  shows  Na^O  4.16  and  K^O  2.77,  and  of  7 
"micropegmatites"  Na^O  4.94  and  K^O  3.86.  The  Na^O  therefore  tends 
to  be  in  excess  of  KgO.  The  average  of  all  "granites"  according  to  Daly 
shows  the  reverse  condition,  with  Na,_,0  3.28  and  K.O  4.07. 


Ab  An 

Fig.   30.     The    tetrahedron,   diopside-anorthite-albite-orthoclase    with    tlie    hypo- 
thetical boundary  surface,  diopside-plagioclase   (NDEK). 


This  method  of  regarding  other  constituents  as  modifying  the  curves 
of  the  feldspar  oxides  merely  as  diluents  may  seem  to  veer  too  much 
towards  the  descriptive  rather  than  the  genetic  method  of  regarding 
the  matter.  We  shall  therefore  consider  the  question  in  another  way. 
The  determined  three-component  diagrams  often  make  it  possible  to 
deduce  with  much  assurance  the  course  of  crystallization  in  related 
but  somewhat  more  complex  systems.  The  albite-anorthite-diopside  tri- 
angle is  known  and  we  may  construct  a  tetrahedron  with  that  triangle 
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as  base  and  orthoclase  as  the  opposite  apex.  Into  this  tetrahedron  there 
must  rise,  from  the  plagioclase-diopside  boundary  curve  on  the  base, 
a  plagioclase-diopside  boundary  surface.  These  general  relations  are 
shown  in  Fig.  30.  Of  the  position  assumed  by  the  surface  KEDN  as  it 
rises  into  the  tetrahedron  we  need  have,  for  our  present  purpose,  no 
precise  knowledge.  Consider  now  the  crystallization  of  a  mixture  with 
a  little  orthoclase,  but  dominantly  of  plagioclase  and  diopside  and  in 
such  proportion  that  it  lies  near  the  boundary  surface.  Only  a  small 
amount  of  crystallization  of  either  plagioclase  or  diopside,  as  the  case 
may  be,  will  take  place  from  such  a  liquid  before  the  boundary  surface 
is  reached,  whereupon  plagioclase  and  pyroxene  (diopside)  will  separate 
together.^  The  general  course  which  the  liquid  will  follow  on  this 
boundary  surface  as  crystallization  proceeds  is  readily  deduced.  It  will 
vary  with  the  degree  of  fractionation  in  the  plagioclase  series  and  will 
follow  different  curved  courses  dependent  upon  this  factor.  In  Fig.  31 


Fig.  31.     The  boundary  surface,  diopside-plagioclase  of  Fig.  30  showing  alterna- 
tive courses  of  crystallization  during  the  simultaneous  separation  of  plagioclase 
and  diopside.  The  dotted  lines  are  lines  of  constant  NaaO  content. 


we  have  taken  this  boundary  surface  out  of  the  tetrahedron  and  repre- 
sented it  on  the  plane  of  the  paper.  On  it  are  shown  alternative  courses 
that  may  be  followed  by  the  liquid.  We  also  show  lines  of  constant 
Na.O  content  which  are,  of  course,  the  traces  of  planes  parallel  to  the 

1  We  have  already  stated  reasons  for  believing  tliat  basaltic  magma  is  normally  of  such  a  nature. 
See  pp.  64-9. 
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face  of  the  tetrahedron  opposite  to  the  alhite  apex.  The  curves  XO 
and  XP  represent  respectively  high  and  low  degrees  of  fractionation. 
It  is  plain  that  the  same  tendencies  we  have  already  pointed  out  are 
true  of  the  potash  and  soda  curves.  The  course  of  crystallization  tends 
to  parallel  the  lines  of  constant  NanO  so  that  Na^O  increases  but  mod- 
erately and  tends  to  pass  through  a  maximum.  Moreover  the  course  of 
crystallization   swings    towards    the    orthoclase    apex    so    that    K^O    in- 


5/a 


Fig.  32.     The  tetrahedron,  anortlilte-albite-orthoclase-silica.  The  point  X  lies  in 

the  plane  M-An-Ab. 

creases  at  an  increasing  rate.  By  constructing  such  a  tetrahedron  one 
will  find  too  that,  if  it  can  be  assumed  that  the  boundary  surface  is 
approximately  normal  to  the  base,  the  planes  of  constant  AI2O3  will  be 
roughly  parallel  to  it,  in  other  words,  any  kind  of  motion  in  this  boun- 
dary surface  will  induce  but  little  change  of  ALO,.  We  thus  find  that 
by  regarding  diopside  as  a  component  of  the  mixture  and  as  crystallizing 
together  with  plagioclase  we  reach  the  same  conclusion  as  to  the  shape 
of  the  Na^O  and  K^.O  curves  as  we  did  from  the  simple  feldspar  dia- 
gram or  from  it  as  modified  by  regarding  pyroxene  merely  as  a  diluent. 
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A  tetrahedron  with  the  albite-anorthite-orthoclase  triangle  as  base 
and  SiOg  as  the  apex  may  now  be  considered.  A  point  (X,  Fig.  32)  close 
to  the  albite-anorthite  edge  but  within  the  tetrahedron  will  represent 
a  mixture  consisting  mainly  of  plagioclase.  A  plane  determined  by  this 
point  and  the  albite-anorthite  edge  (which  plane  cuts  the  opposite 
[Or-SiOo]  edge  of  the  tetrahedron  at  M)  will  represent  approximately 
the  plane  in  which  the  course  of  the  liquid  lies.  Strictly  speaking,  since 
there  is  some  potash  feldspar  in  the  plagioclase,  the  course  of  the  liquid 
will  turn  upward  from  this  plane  somewhat  but  consideration  of  move- 
ment in  this  plane  is  sufficiently  accurate  for  our  present  purpose.  The 
plane  is  taken  out  of  the  tetrahedron  and  represented  in  Fig.  33.  On  it 


Fig.  33.     The  plane  M-An-Ab  from  the  tetrahedron  of  Fig.  32  showing  alternative 
courses  of  crystallization  of  the  liquid  X.  The  dotted  lines  are  lines  of  constant 

Na-O  content. 


are  shown  the  traces  of  the  planes  of  constant  soda  (planes  parallel 
to  the  face  of  the  tetrahedron  opposite  to  the  albite  apex).  The  curves 
indicating  the  courses  of  crystallization  with  little  and  with  high  frac- 
tionation are  also  shown  and  it  is  plain  that  there  is  still  the  same 
tendency  for  the  liquid  to  move  in  a  course  approximately  parallel  to 


ic8  THE  EVOLUTION  OF  IGNEOUS  ROCKS 

the  lines  of  equal  Na.O  and  to  pass  through  a  maximum  for  that  oxide. 
Moreover,  since  any  motion  in  this  phme  has  a  component  towards 
silica,  there  is  not  as  great  a  tendency  as  in  the  simple  ternary  system 
for  KoO  to  increase  at  an  extremely  high  rate  with  respect  to  silica,  in 
the  event  of  rather  free  reaction  (limited  fractionation).  Such  rapid  rise 
of  the  KoO  curve  as  is  indicated  in  the  dotted  curve  of  Fig.  29  is  there- 
fore not  to  be  expected  in  an  actual  rock  series. 

Combining  the  information  derived  from  these  two  tetrahedra  we 
find  that,  whether  at  an  early  stage  when  diopside  is  the  principal 
constituent  separating  with  feldspar  or  at  a  later  stage  when  SiO,  is  the 
principal  constituent  present  in  addition  to  feldspar,  the  curves  of 
Na„0  and  KoO  have  the  characteristic  sha[)es  they  are  found  to  have 
for  rock  series. 

We  have  considered  in  the  foregoing  what  one  would  expect  of  the 
curves  of  the  oxides  that  go  to  make  up  the  feldspars,  if  these  curves  are 
determined  by  fractional  crystallization.  A  satisfactory  agreement  has 
been  found  with  characteristic  curves  of  these  oxides  in  rock  series. 
There  is,  however,  another  reaction  series  of  great  importance  in  rocks 
and  the  crystallization  of  this  will  give  curves  of  characteristic  shape. 
This  series  is  the  femlc  reaction  series  olivine,  pyroxene,  hornblende 
and  mica,  each  member  of  which  is  itself  a  solid  solution  series  or  re- 
action series.  Unfortunately  our  knowledge  of  these  minerals  as  reaction 
series  is  very  limited.  That  the  order  in  which  they  are  stated  above 
is  the  proper  order  for  the  reaction  series  of  a  normal  crystallization 
sequence  is  almost  certainly  correct  but  of  the  details  of  change  of 
composition  within  each  solid  solution  series  very  little  is  known.  Since 
the  shapes  of  the  curves  of  various  oxides  are  to  a  considerable  extent 
interdependent  it  is  necessary  to  consider  the  probable  effects  of  the 
femic  series. 

As  a  matter  of  fact,  one  of  the  systems  used  in  deducing  the  shapes 
of  the  curves  of  the  feldspar  oxides  involved  the  pyroxenic  mineral,  di- 
opside, and  some  indications  are  to  be  obtained  therefrom  as  to  the  prob- 
able shape  of  the  MgO  curve.  We  revert,  therefore,  to  the  tetrahedron, 
albite-anorthite-diopside-orthoclase  (Fig.  30)  and  in  particular  to  the 
boundary  surface,  plagioclase-diopside  which  as  we  have  seen  must  rise 
from  the  boundary  curve  plagioclase-diopside.  This  is  the  same  boun- 
dary surface  already  used  as  an  indicator  of  the  shape  of  other  curves. 
On  this  surface  are  shown  in  Fig.  34  lines  of  constant  MgO  content 
which  are  the  traces  of  planes  parallel  to  the  face  of  the  tetrahedron 
opposite  to  the  diopside  apex.^  The  curve  indicating  the  course  of  the 
liquid   upon   crystallization    of   plagioclase    and    diopside    (with    some 

1  These  lines  as  well  as  all  other  lines  representing  constancy  of  any  oxide  have  been  drawn  on 
the  deduced  boundary  surface  at  the  correct  slope  witli  the  aid  of  a  hollow  tetrahedron  having 
transparent  removable  faces. 
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plagioclase  fractionation)  cuts  directly  across  the  lines  of  constant 
MgO  at  first  and  then  swings  so  that  it  cuts  them  more  and  more 
obliquely,  or,  in  other  words,  becomes  more  nearly  parallel  to  them. 
I'he  curve  of  variation  of  MgO  in  the  changing  liquid  should  therefore 
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Fig.  34.     The  boundary  surface  of  Fig.  30  showing  alternative  courses  of  crystal- 
lization  during  the    simultaneous   separation   of   plagioclase   and   diopside.  The 
dotted  lines  are  lines  of  constant  MgO  content. 

fall  steeply  at  first  and  less  steeply  later,  being  thus  convex  upward. 
It  is  to  be  noted  that  this  shape  of  the  MgO  curve  is  the  result,  purely 
and  simply,  of  feldspar  fractionation,  the  pyroxene  separating  being 
pure  diopside  throughout.  Even  without  any  fractionation  in  the  femic 
series,  then,  the  deduced  MgO  curve  has  the  characteristic  shape  it  is 
found  to  have  in  the  variation  diagrams  of  typical  rock  series.  If  there 
is  fractionation  in  the  fjyroxene  series,  of  the  same  nature  as  that 
demonstrated  experimentally  in  the  clino-enstatite-diopside  series  (Fig. 
20),  the  convexity  of  the  MgO  curve  would  be  increased  thereby,  for 
the  crystals  first  subtracted  would  be  higher  in  MgO,  i.e.,  the  rate  of 
subtraction  of  MgO  from  the  liquid  would  be  higher  at  first.  That  the 
early  crystals  separating  from  rocks  are  rich  in  MgO  has  been  demon- 
strated by  \'ogt's  statistical  studies  of  rocks,  not  only  for  pyroxenes 
but  for  other  femic  minerals  as  well.^ 

Not  only  the  sign  of  the  slopes  but  also  the  characteristic  shapes  of  the 
curves   of   K.,0,   Na.O,   MgO   and   apparently  CaO   and   ALO,j   of   the 

1  J.  H.  L.  Vogt,   Vidensk.  Sehk.  Skr.  I.   Mat.-Naturv.  Kl.,   1924.  No.   IJ. 
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typical  sub-alkaline  rock  series  are  such  as  to  offer  much  support 
for  the  hy[)othesis  that  these  series  have  come  into  being  through  frac- 
tional crystallization.  Of  course,  the  systems  that  have  been  used  to 
illustrate  tlie  correspondence  of  actual  and  expected  curves  are  much 
simpler  than  actual  magmas.  Some  moditication  of  these  curves  is  to  be 
expected  in  the  presence  of  other  oxides,  the  principal  of  which  in 
magmas  are  the  oxides  of  iron.  Of  their  effect  we  know  very  little  from 
experimental  work  but  it  is  surely  not  very  unreasonable  to  suppose  that 
the  presence  of  iron  modifies  these  relations  somewhat,  without  destroy- 
ing them,  and  that  the  sha[)es  of  the  curves  may  still  be  taken  as  indi- 
cating the  control  of  crystallization.  The  alternative  is  to  suppose  that 
iron  completely  wipes  out  these  relations,  that  the  course  of  crystalliza- 
tion in  the  presence  of  iron  oxides  is  completely  changed  and  that 
differentiation  by  some  totally  different  process,  such  as  liquid  immisci- 
bility  or  gaseous  transfer,  then  endows  the  variation  curves  with  a  re- 
markable resemblance  to  the  curves  that  would  be  given  by  crystalliza- 
tion-differentiation in  the  absence  of  iron  oxides.  There  can  be  no 
question  as  to  the  choice  to  be  made  between  these  alternatives  even  on 
purely  general  grounds.  But  we  do  not  have  to  base  our  choice  on  purely 
general  considerations.  We  may  examine  the  evidence  of  rocks  them- 
selves as  to  the  course  of  crystallization  in  the  presence  of  these  oxides 
of  iron.  In  urging  the  invalidity  of  the  deductions  based  on  systems 
containing  no  iron  it  is  sometimes  contended  that  the  iron  compounds, 
being  of  low-melting  "point,"  would  be  emphasized  in  the  last-crystal- 
lizing residuum. -"^  Nevertheless,  this  contention  can  not  be  supported  by 
appeal  to  the  evidence  of  rocks  themselves.  In  the  noritic  gabbro  of 
Asklund,  in  the  basaltic  rocks  of  Mull,  in  Fenner's  Katmai  andesites,  as 
we  shall  see,  and  in  any  number  of  similar  rocks  the  last  crystallizing 
residuum  is  of  a  granitic  nature  and  is  nearly  as  well  purged  of  iron 
oxides  as  it  is  of  lime  and  magnesia.  Crystallization-differentiation,  thus 
epitomized  in  the  zonal  fractionation  of  these  individual  rocks,  is  cer- 
tainly not  of  such  a  nature  as  to  emphasize  iron  in  the  late  differentiates. 
It  may  very  well  be  that  as  compared  with  silicates  of  lime  and  magnesia 
those  of  iron  are  of  low  melting  point,-  but  it  is  plain  that  by  entering 
into  combination  and  solid  solution  in  the  femic  minerals,  so-called,  iron 
silicates  are  constrained  to  act  in  much  the  same  way  as  the  lime  and 
magnesia  silicates  of  these  minerals  in  so  far  as  their  relation  to  the 
feldspar  crystallization  series  is  concerned. 

1  See  Fenner,  op.  cit.,  pp.  756-7. 

3  It  should  be  pointed  out  that  while  the  melting  point  of  hedcnherKite  may  be  lower  than  that 
of  diopside  thi.s  relation  can  not  be  regarded  as  established  by  the  evidence  cited  by  Fenner  (op. 
cit.,  p.  762).  He  quotes  a  melting  point  determined  by  a  school  of  investigators  who,  at  the  time 
of  the  determination,  used  a  method  quite  incapable  of  giving  a  reliable  result.  One  can  find 
support  in  their  results  of  that  date  for  a  melting  point  of  almost  any  silicate  at  about  the  same 
temperature.  This  is  true  even  of  anorthite   which  melts  4co°  higher. 
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POSSIBLE  EFFECTS  OF  THE  SEPARATION  OF  HORNBLENDE 

All  of  the  deductions  made  in  the  foregoing  as  to  the  characteristic 
shapes  of  curves  of  the  oxides  apply,  strictly  speaking,  only  to  the 
period  of  simultaneous  separation  of  plagioclase  and  pyroxene.  In  the 
gabbro-granophyre  association  it  is  quite  common  to  find  pyroxene  con- 
tinuing to  crystallize  even  into  the  granophyre  stage. '^  In  this  sequence  it 
may  be  expected  that  the  deduced  curves  would  show  notable  corre- 
spondence with  the  actual  curves.  In  a  very  important  modification  of 
the  sub-alkaline  sequence,  indeed  the  most  important,  hornblende  comes 
in  as  a  prominent  constituent  of  the  medio-silicic  rocks  and  to  its  separa- 
tion some  consideration  has  already  been  given.  We  may  now  inquire 
into  the  factors  which  determine  that  hornblende  shall  separate  and  the 
effect  of  its  separation  upon  the  course  of  the  curves.  It  has  already  been 
pointed  out  that  the  presence  of  water  may  be  one  of  the  factors  influenc- 
ing the  formation  of  hornblende  but  that  it  is  probably  not  the  sole 
control,  for  there  is  a  difference  in  the  relative  proportions  of  the  other 
oxides  as  well.  The  character  of  this  difference  will  now  be  pointed  out. 

In  the  Mull  diagram  of  the  sub-alkaline  sequence  (Fig.  27)  the  early 
courses  of  the  curves  depict  a  decrease  of  alumina,  a  rise  of  lime  and 
other  relations  with  which  we  need  not  now  be  concerned.  If  we  examine 
the  same  curves  in  the  variation  diagrams  of  a  typical  series  of  rocks 
where  hornblende  is  prominently  represented  in  intermediate  members, 
we  find  that  towards  the  basic  end  the  alumina  curve  rises  with  increas- 
ing silica.  Subsequently  it  passes  through  a  maximum  and  then  falls. 
This  relation  is  shown  in  the  variation  diagram  of  the  Lassen  Peak 
rocks  (Fig.  25),  and  other  hornblendic  series  are  quite  similar. 

If  we  seek  a  cause  of  this  difference  in  the  alumina  curve  in  the  Mull 
sequence,  on  the  one  hand,  and  the  same  curve  in  a  hornblendic  series,  on 
the  other,  we  must  consider  which  mineral  is,  at  this  stage,  most  potent 
in  its  influence  upon  the  alumina  curve.  This  is,  plainly,  basic  plagio- 
clase. If  basic  plagioclase  crystallizes  from  the  liquid  and  its  reaction 
with  liquid  is  limited,  the  alumina  curve  should  fall  slowly.  On  the  other 
hand  if  it  separates  but  reacts  with  liquid  to  produce  more  sodic  plagio- 
clase the  alumina  curve  may  rise,  for  this  means  a  decidedly  less  net 
subtraction  of  alumina.  It  is,  then,  to  a  difference  in  the  degree  of 
reaction,  at  early  stages,  between  liquid  and  the  already  separated 
plagioclase  crystals  that  this  difference  in  behavior  of  the  alumina  curve 
is  probably  to  be  attributed.  The  cause  of  the  contrasted  fractionation 
in  the  plagioclase  reaction  series  is  to  be  sought,  in  general.  In  the  size 
of  the  differentiating  mass  and  its  effect  on  the  rate  of  cooling.  A  rapid, 
but  not  too  rapid,  rate  of  cooling  is  conducive  to  a  strong  development 

1  Mull   Memoir,  p.  21. 
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of  zoning  and  therefore  a  high  degree  of  fractionation  in  the  plagioclase 
series.  A  slower  rate  of  cooling  permits  much  reaction  between  li(juid 
and  crystals  witli  equalization  of  composition  of  the  layers  of  the  crystals 
and  its  consequent  effect  upon  the  course  of  the  liquid.  The  slower  rate 
of  cooling  permits,  to  be  sure,  the  entrance  of  other  factors  in  the  pro- 
duction of  fractionation,  such  as  the  sinking  of  the  crystals,  but  this 
action  is  more  readily  affected  by,  say,  convection  in  the  case  of  plagio- 
clase, for  that  mineral,  unlike  the  femic  minerals,  is  ordinarily  not 
significantly  different  in  density  from  the  liquid  from  which  it  sepa- 
rates, particularly  the  more  basic  liquids.  Ample  opportunity  for  con- 
siderable reaction  in  the  plagioclase  series  will  therefore  frequently  be 
offered  in  a  slowly  cooled  mass  at  least  in  early  stages.  We  may  expect 
a  tendency  towards  the  hornblendic  line  of  descent  wlien  the  differentia- 
tion has  occurred  in  a  large  mass  and  towards  a  gabbro-granophyre 
association  in  a  smaller  mass. 

The  different  courses  which  the  liquids  follow  in  consequence  of  the 
contrasted  fractionation  are  depicted  in  the  contrasted  variation  dia- 
grams. When  the  course  is  of  one  kind  the  liquid  soon  attains  such  a 
composition  that  hornblende  crystallizes  from  it.  When  the  course  is  of 
the  other  kind  the  liquid  never  attains  a  composition  that  permits  the 
formation  of  hornblende,  unless  it  be  at  a  very  late,  highly  siliceous 
stage  when  an  alkaline  amphibole,  not  common  hornblende,  may  form. 

On  account  of  the  more  restricted  feldspar  fractionation  at  early 
stages  the  AUO^  content  comes  to  be  about  18  per  cent  in  the  sub-basic 
and  medio-silicic  members  of  the  hornblendic  sequence,  whereas  it  is 
only  about  13  per  cent  in  the  corresponding  members  of  the  gabbro- 
granophyre  sequence.  All  of  this  is  consistent  with  the  same  general 
shape  of  the  early  courses  of  the  other  curves,  since  it  is  merely  a  ques- 
tion of  slight  variation  in  feldspar  fractionation,  upon  which  the  shape 
of  the  curves  largely  depends.  But,  with  the  appearance  of  hornblende, 
it  is  quite  reasonable  to  expect  a  change  of  direction  of  the  curves. 
Theory  demands  some  change  in  the  course  followed  by  the  liquid  upon 
the  appearance  of  a  new  crystalline  phase  but  specifies  nothing  as  to  its 
magnitude.  The  change  may  be  very  small.  Alteration  of  direction,  and 
that  a  large  one,  has  already  been  noted  as  occurring  in  the  curves  of  the 
Mull  diagram  at  the  point  where  the  separating  assemblage  changes 
from  plagioclase  and  olivine  to  plagioclase  and  augite.  In  the  case  of  a 
change  of  the  separating  assemblage  from  plagioclase  and  pyroxene  to 
plagioclase  and  hornblende  it  is  quite  probable  that  the  effect  on  the 
course  of  the  curves  would  be  very  small.  The  reason  for  this  statement 
will  be  apparent  from  the  following  considerations. 

The  curves  of  the  various  oxides  have  a  certain  direction  at  any  given 
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silica  percentage  because  the  crystal  assemblage  separating^  from  the 
liquid  of  that  silica  percentage  has  a  composition  which  lies  on  the  tan- 
gents to  the  curves  at  that  silica  value.  A  change  of  the  crystal  assem- 
blage to  any  other  assemblage  which  could  be  represented  by  other 
points  along  these  tangents  would  not  alter  the  direction  of  the  curves 
in  any  way.  Likewise  a  change  in  the  crystal  assemblage  such  that  the 
new  assemblage  could  be  represented  by  points  departing  but  little  from 
these  tangents  would  alter  the  direction  of  the  curves  but  little.  Now  it  is 
more  than  probable  that  a  change  of  the  separating  assemblage  from 
plagioclase  plus  pyroxene  to  plagioclase  plus  hornblende  would  fall  in 
the  latter  class,  for  the  total  composition  of  the  one  assemblage  may  be 
very  close  to  that  of  the  other.  Therefore  only  a  small  change  of  direc- 
tion of  the  curves  is  a  reasonable  expectation.  In  the  hornblendic  line 
of  descent,  the  change  of  direction  of  the  ALOg  curve  from  a  rising  to  a 
falling  slope  may  be  due  to  the  appearance  of  hornblende.  Coincident 
with  this  change  of  the  AI0O3  curve  there  must  be  a  change  in  each  of 
the  other  curves  but  these  are  evidently  small.  It  is  to  be  remembered 
that  our  information  on  any  change  of  direction  of  the  curves  is  obtain- 
able only  from  analyses  of  a  series  of  rocks  that  show  a  greater  or  less 
departure  from  the  composition  of  the  changing  liquid.  We  can  not  hope, 
therefore,  to  locate  any  of  them  accurately  at  the  present  time  but  when 
a  large  number  of  analyses  of  the  aphanitic  or  glassy  groundmass  of 
lavas  of  individual  rock  associations  is  available  much  more  may  be 
done.  It  is  probable,  indeed,  that  some  of  the  convexity  of  the  curve 
of  MgO,  and  perhaps  also  of  ECoOg  and  CaO,  is  an  averaged-out  discon- 
tinuity of  slope  coinciding  with  the  point  of  change  of  direction  of  the 
AI0O3  curve,  itself  not  accurately  located  in  any  given  series  of  rocks 
and,  of  course,  subject  to  variation  in  different  series. 

It  is  plain  that  the  most  we  can  hope  to  do  at  present  is  what  has 
already  been  done,  namely,  to  draw  smooth  curves  which  average  the 
points  for  each  oxide.  When  this  is  done  an  approximate  picture  of  dif- 
ferentiation is  obtained  which,  in  the  light  of  the  facts  we  have  just  con- 
sidered, can  scarcely  be  regarded  as  anything  but  crystallization-differ- 
entiation. A  notable  departure  of  any  rock  of  a  series  from  the  liquid 
line  of  descent  may  be  produced  by  the  fact  that  its  composition  has  been 
affected  by  crystal  accumulation.  If  there  is  reason  to  suspect  any  type 
of  having  this  character  it  is  well  to  leave  it  out  in  constructing  a  varia- 
tion diagram. 

VARIATION  OF  THE  LIQUID  LINE  OF  DESCENT 

There  is,  in  addition,  a  very  great  flexibility  in  the  liquid  lines  of 
descent  themselves,  produced  by  varying  degrees  of  fractionation.  There 

1  By  this  is  meant  of  course  net  separation  or  subtraction,  whicli  is  the  resultant  of  simple  sub- 
traction together  with  reaction. 
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may  be  great  fractionation  of  one  reaction  series  accompanied  by  mod- 
erate fractionation  of  the  other.  There  may  be  strong  fractionation  in 
the  one  reaction  series  at  an  early  stage  which  gives  place  to  moderate 
fractionation  of  the  same  series  at  a  later  stage.  The  possible  complexity 
is,  therefore,  very  great  and  yet  for  the  great  bulk  of  rocks  there  is  a 
sufficient  approach  to  a  "normal  line  of  descent"  that  the  foregoing 
detailed  analysis  is  rendered  possible. 

At  this  point  it  is  desirable  to  recall  certain  features  of  the  deduced 
curved  courses  of  crystallization  pictured  in  Fig.  28.  There  are  two 
extreme  conditions  with  all  intermediate  possibilities ;  the  one  extreme 
gives  a  strongly  curved  course  and  the  variation  diagram  (Fig.  29) 
shows  strong  bending  of  the  corresponding  curves  of  the  oxides,  espe- 
cially KgO  and  Na.O.  These  curves  converge  rapidly  as  crystallization 
proceeds.  The  curve  of  NaoO  passes  through  a  rather  distinct  maximum 
and  is  crossed  by  the  curve  of  K^O.  When  the  later  liquids  are  rich  in 
potash  the  courses  of  Na.O  and  K^O  are  thus  of  relatively  strong 
curvature. 

At  the  other  extreme  is  the  condition  in  which  there  is  very  little 
curvature  in  the  course  of  crystallization.  In  the  variation  diagram  the 
curves  of  Na^O  and  K^O  depart  but  little  from  straight  lines,  the  maxi- 
mum on  the  curve  of  Na^O  is  ill-defined  and  it  may  not  be  crossed  by  the 
curve  of  KoO.  When  the  later  liquids  are  relatively  rich  in  Na^O 
the  curves  thus  tend  to  approach  straight  lines.  There  is  no  reason  in  the 
nature  of  things  why  these  conditions  should  exist.  They  are  solely 
the  result  of  the  control  of  crystallization.  If  the  various  liquids  were 
formed  as  a  result  of  other  factors  there  is  no  reason  why  the  curve  of 
KoO  should  not  pass  through  a  maximum  and  that  of  Na^O  through 
a  minimum.  If  the  controlling  factors  were  the  combination  of  all 
physico-chemical  processes  known  to  man  and  some  others  not  yet 
known,  it  would  be  very  remarkable  if  the  curves  did  not  show  several 
maxima  and  minima  and  perhaps  cross  each  other  several  times. 

THE  KATMAI  ROCK   SERIES 

Among  rock  series  the  condition  first  described,  high  potash  in 
the  late  differentiates  and  relatively  strong  curvature  of  the  courses  of 
the  oxides,  is  represented  by  the  general  diagram  of  pitchstones  given 
on  a  later  page  (Fig.  38).  The  second  condition,  relatively  high  soda 
in  the  late  differentiates  and  little  curvature  of  the  courses  of  the  oxides, 
appears  to  be  represented  by  the  series  of  rocks  from  Katmai  recently 
described  and  analyzed  by  Fenner.  Of  these  he  gives  a  variation  diagram 
on  which  the  courses  of  the  oxides  are  represented  as  straight  lines. ^ 
His  diagram  is  here  reproduced  as  Fig.  3^.  The  rocks  are  dominantly 

1  C.   N.  Fenner,  Jour.  Geol.,  34,   1926,  p.  700. 
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lavas  and  in  accordance  with  the  deduced  tendency  of  sucli  rocks  there 
is  but  moderate  scattering  of  the  points.  The  most  siliceous  rock  is  a 
rhyolitic  pumice  with  Na^O  somewhat  higher  than  K.O. 

Without  immediately  raising  the  question  whether  the  variation  is 
really  rectilinear,  let  us  consider  the  slopes  of  the  lines.  With  increasing 
silica,  the  curves  ot  lime,  magnesia,  iron  and  alumina  descend,  while 
those  of  soda  and  potash  rise.  This  is  all  in  accord  with  the  tendency  of 
the  separation  of  femic  minerals  and  calcic  plagioclase  to  bring  about 
a  continual  increase  in  the  amount  of  alkali  feldspars  and  silica.  More 
than  this,  the  relative  slopes  of  the  curves  are  nicely  adjusted  to  each 
other  in  such  a  way  as  to  conform  absolutely  with  this  condition. 
There  is  not  merely  a  decrease  in  this  oxide  and  an  increase  in  that,  but 
the  quantitative  values  of  these  changes  are  such  as  to  express  a  chang- 
ing composition  of  the  liquid  of  the  nature  of  an  enrichment  in  alkali 
feldspar  and  quartz.  This  fact  may  be  verified  by  a  glance  at  the  table 
of  normative  compositions  (Fenner,  p.  677).  Fenner  does  not  appear 
to  have  stated  any  conclusion  as  to  the  course  of  crystallization  in  his 
rocks  but  the  facts  for  such  rocks  are  quite  well  established.  We  may 
quote  Iddings  on  the  course  of  crystallization  in  nearly  identical  rocks 
of  Electric  Peak,  Yellowstone  Park,  .  .  .  "the  earlier  crystallizations  were 
of  hypersthene  and  augite  and  of  part  of  the  hornblende  while  the 
greater  part  of  the  hornblende  and  biotite  followed.  The  labradorite 
commenced  to  crystallize  early,  while  the  alkali  plagioclase,  orthoclase 
and  quartz  closed  the  series."^  Examination  of  Fenner's  rocks  and  espe- 
cially a  determination  of  the  nature  of  the  glassy  groundmass  of  the 
andesites,  referred  to  later,  would  lead  one  to  accept  this  general  course 
for  the  Katmai  series.  It  is  plain  that  the  course  of  these  lines  is  an 
expression  of  the  course  of  crystallization  and  that  the  contrast  between 
successive  members  might  be  due  to  crystallization-differentiation. 

We  may  now  raise  the  question  whether  the  straight  lines  Fenner  has 
drawn  really  represent  the  variation  as  well  as  curves  which  depart  some- 
what from  these  lines.  Necessity  for  departure  from  a  straight  line  is 
most  obvious  in  the  MgO  curve.  As  drawn  by  Fenner  it  runs  off  the 
diagram  toward  the  higher  SiO^  percentages,  which  is  of  course  an 
impossible  condition.  The  curve  of  MgO  must  therefore  be  concave 
upward  at  the  high  silica  end  and,  once  this  decision  is  made,  it  is  plain 
from  mere  inspection  that  a  curve  which  is  concave  upward  throughout 
its  length  would  average  all  the  points  better  than  a  straight  line. 

The  content  of  Na.^O  increases  definitely  and  fairly  regularly  from 
54  per  cent  SiOo  to  66  per  cent  SiOo,  but  from  66  to  78  per  cent  SiOo  (an 
equal  increment  of  SiO^)  it  does  not  increase  further;  indeed,  a  proper 

1  J.  p.  Iddings,  "The  Mineral  Composition  and  Geological  Occurrence  cf  certain  Igneous  Rocks  in 
the  Yellowstone  National  Park,"  Pkil.  Soc.  Walk.  Bull.,  11,  1890,  p.  196. 
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averaging  of  the  points  would  indicate  a  slight  decrease.  The  highest 
determined  NaoO  content  (4.59  per  cent)  is  in  a  rock  with  65.59  P^^ 
cent  SiO^.  A  curve  of  Na^O  which  is  convex  upward  and  passes  through 
a  flat  maximum  would  therefore  average  all  the  points  better  than  any 
straight  line.  A  maximum  on  the  Na^O  curve  at  approximately  the  same 
SiO^,  value  is  a  nearly  universal  condition  in  variation  diagrams. 

Three  points  at  the  high  silica  end  and  three  points  at  the  low  silica 
end  all  lie  above  the  straight  line  drawn  by  Fenner  for  CaO.  Of  the 
intermediate  points  only  3  lie  above  the  line  and  8  below  it.  It  is  plain 
that  a  curve  which  is  concave  upward,  lying  below  the  straight  line  in 
the  middle  portions  and  above  it  at  both  ends  would  average  the  points 
better  than  any  straight  line. 

Averaging  of  the  points  for  AUOg  can  be  slightly,  but  very  slightly, 
improved  by  substituting  for  the  straight  line  of  Fenner  a  curve  which 
is  convex  upward  as  is  this  curve  in  similar  rock  series.  The  departure 
from  the  rectilinear  condition  is,  to  be  sure,  usually  quite  small  but, 
when  it  is  realized  that  the  curves  of  MgO,  of  NaaO,  of  CaO  and  prob- 
ably of  AI2O3  have  precisely  the  same  character  as  those  deduced  by 
Harker  for  the  Lassen  Peak  rocks,  additional  confidence  is  to  be  placed 
in  their  curved  character.^  Aurousseau-  finds  curves  for  these  rocks  which 
show  excellent  agreement  with  Marker's,  with  a  slight  difference  in  the 
case  of  CaO.  Furthermore,  all  of  these  curvatures  are  of  the  kind  that 
one  is  led  to  expect  from  the  application  of  physico-chemical  principles 
to  the  process  of  fractional  crystallization. 

We  find,  then,  that  even  when  all  the  points  determined  by  Fenner 
are  given  equal  weight  in  fixing  the  curves,  these  curves  deviate  from 
straight  lines  in  the  expected  manner.  At  the  same  time  it  can  not  be 
too  strongly  emphasized  that  in  any  test  of  the  hypothesis  of  fractional 
crystallization  the  points  do  not  have  equal  weight.  We  have  already 
seen  that  the  only  points  that  might  be  expected  to  give  smooth  curves 
would  be  those  for  rocks  belonging  to  or  closely  approaching  the  liquid 
line  of  descent.  The  rocks  giving  this  condition  best  would  be  the  glassy 
or  aphanitic  rocks  and  those  which  might  depart  most  from  this  condi- 
tion would  be  holocrystalline  phanerites  and  porphyritic  rocks  with 
large  phenocrysts.  Greatest  weight  should  therefore  be  given  to  rocks 
that  are  almost  wholly  aphanitic  to  glassy,  and  increasingly  less  weight 
to  those  with  an  increasing  proportion  of  coarse  crystals.  Now  when 
Fenner  drew  his  straight-line  diagram  he  found,  of  course,  a  deviation 
of  some  of  the  points  from  these  lines.  He  singles  out  for  special  men- 
tion Nos.  257  and  526  as  giving  points  which  show  greatest  departure.'^ 

1  Indeed,  Harker  finds  the  same  types  of  curves  for  sub-alkaline  rocks  in  general  and  offers  "gen- 
eralized variation  diagrams"  depicting  these.   Natural  Hutory  of  the  Igneous  Rocks,  pp.    150.   i!i. 
a  M.    Aurousseau   in   Day    and   Allen,    "The   Volcanic   Activity    and   Hot   Springs   of   Lassen   Peak," 
Carnegie  Inst.  Wash.,  Pub.  No.  360,  p.  38. 
3  C.  N.  Fenner,  op.  cit.,  p.  704. 
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Dr.  Fenner  has  kindly  permitted  me  to  examine  his  specimens  and 
slides,  and  of  all  the  rocks  analyzed  No.  526  is  certainly  the  very  best 
and  No.  257  among  the  best  for  the  fixing  of  {)oints  lying  on  the  liquid 
lines  of  descent.  Specimen  No.  526  is  of  a  uniform  aphanite  nearly  free 
from  phenocrysts  and  No.  257  has  but  a  small  proportion  of  pheno- 
crysts.  Another  analysis  whose  points  show  notable  departure  from 
several  of  the  straight  lines  is  that  of  specimen  No.  253  and  this  again 
is  among  the  best  for  determining  the  form  of  the  curves  in  any  test 
of  the  hypothesis  of  fractional  crystallization.  On  the  other  side  of  the 
picture  we  have  a  group  of  tour  analyses  clustering  close  to  64  per  cent 
SiOa  (Nos.  583,  575,  274  and  568)  which  show  great  agreement  with 
each  other  in  the  position  of  the  points  tor  all  their  oxides  and  have 
thus  had  a  predominant  influence  in  determining  the  position  of  the 
central  portions  of  the  curves  and  their  straight-line  character,  when 
all  points  are  assigned  equal  weights.  Yet  their  petrographic  character 
is  such  as  to  show  that  they  are  among  the  very  worsi  tron  the  point 
of  view  of  giving  reliable  information  as  to  the  composition  of  a  liquid 
in  the  line  of  descent  by  fractional  crystallization,  which  is  the  question 
we  are  testing.  These  specimens  have  nearly,  if  not  quite,  50  per  cent 
of  phenocrysts  about  2  mm  in  diameter  lying  in  a  glassy  groundmass.^ 
They  may,  therefore,  depart  widely  from  the  composition  of  any  liquid. 
That  they  do  depart  notably  from  such  composition  is  shown  by  their 
disagreement  with  the  nearby  analysis.  No.  253,  which,  as  we  have 
seen,  must  give  a  very  close  approximation  to  a  liquid  composition. 

A  study  of  specimens  and  slides  of  the  18  analyzed  rocks  shows  that 
only  5  have  a  character  which  insures  that  they  have  a  composition 
close  to  that  of  a  liquid.  These  include  the  three  already  mentioned,  Nos. 
257,  526  and  253  and  in  addition  No.  102  with  ^^  per  cent  SiO.  and 
No.  175,  the  rhyolitic  pumice  with  about  77  per  cent  SiO,.  In  Fig.  36 
all  of  Fenner's  determined  points  have  been  plotted  as  circles  but  the 
points  referring  to  the  five  above  analyses  are  distinguished  as  double 
circles.  Curves  have  then  been  drawn  whose  shape  is  determined  entirely 
by  these  points  representing  the  composition  of  the  five  rocks  so  chosen. 
These  curves  (Fig.  36)  give  the  best  information  available  as  to  the 
liquid  line  of  descent  in  the  Katmai  rock  series.  One  sees  at  a  glance 
that  the  curves  have  the  characteristic  shape  of  those  of  the  typical  varia- 
tion diagram  of  sub-alkaline  series."  There  is  nothing  unusual,  therefore, 
about  the  Katmai  rock  series  and  the  variation  of  the  liquid,  like  that  in 

1  In  two  of  these  the  glass  is  sufficiently  unchanged  that  its  refractive  index  may  be  determined 
and  it  is  found  to  be  close  to  1.49.  This  value  lies  within  the  range  for  rhyolitic  obsidians  accord- 
ing to  Tilley's  determinations  {Min.  Mag.,  19,  1922,  p.  279).  We  may  therefore  take  it  that  the 
groundmass  of  these  andesites  is  of  rhyolitic  composition  though  not  as  salic  as  the  rhyolitic 
pumice  of  Katmai  (n  =   1.480  —  1.485,  Fenner,  p.  694). 

2  The  curve  of  iron  oxides  has  not  usually  been  drawn  in  the  form  determined  by  these  points  but 
in  at  least  one  diagram,  that  of  the  Mull  normal  series,  it  is  so  determined  (see  Fig.  27). 


in^t-rOCvi      —      O^rOfN      —      0<J)QD 


(X)     in     "^      rO    C^i     — 


120  THE  EVOLUTION  OF  IGNEOUS  ROCKS 

other  series,  is  of  the  kind  which  theory  demands  in  fractional 
crystallization. 

A  large  proportion  of  the  points  in  Fig.  36  show  notable  departure 
from  the  curves  of  the  liquid  line  of  descent.  The  rocks  to  which  these 
points  correspond  always  show  a  character  which  is  consistent  with  a 
deviation  from  the  liquid  lines.  I'wo  of  them  are  coarsely  crystalline 
phanerites  which  may  depart  notably  from  a  liquid  but  which  permit  no 
study  of  the  causes  of  the  departure.  The  other  rocks  are  porphyritic 
with  aphanitic  or  glassy  groundniass  and  the  nature  of  the  pheuocrysts 
enables  one  to  deduce  the  possible  kind  of  departure  from  liquid  compo- 
sition. l"he  phenocrysts  are  of  two  classes,  both  present  in  essential 
amounts,  plagioclase  and  a  femic  mineral,  hornblende  or  pyroxene  which 
latter  may  be  of  two  varieties,  augite  and  hypersthene.  These  are  the 
early  crystals  of  the  rock  series  and  their  bulk  composition  must  lie  on 
a  tangent  to  the  curves  at  points  towards  the  low-silica  ends  of  the 
curves.  According  to  the  proportion  of  these  crystals  the  composition  of 
the  groundmass  of  the  rock  must  lie  on  the  curves  an  appropriate  dis- 
tance on  the  high-silica  side  of  the  composition  of  the  rock  as  a  whole. ^ 
Any  line  which  joins  the  groundmass  composition  with  early  crystal 
composition  must  therefore  be  a  chord  of  the  curve  of  liquid  composi- 
tions. Points  representing  the  composition  of  rocks  consisting  of  an 
aphanitic  groundmass  and  early  crystals  will  therefore  lie  on  this  chord, 
i.e.,  they  will  lie  on  the  concave  side  ot  tlie  curve  of  liquid  composition.- 
It  is  noteworthy  that  in  Fig.  36  practically  all  the  points  that  deviate 
from  the  curves  of  liquid  compositions  lie  on  the  concave  side  of  the 
curves.  When  curves  are  constructed  which  give  equal  weight  to  all  the 
points  and  when  two-thirds  of  the  rocks  analyzed  are  these  porphyritic 
types  it  is  only  natural  that  the  curves  should  vary  toward  straight  lines 
from  the  true  curves  of  liquid  descent  and  should  have  lost  nearly  all, 
but  not  quite  all,  their  characteristic  curvature. 

It  is  frankly  admitted  by  Fenner  that  no  known  process,  not  even  his 
favored  process  of  gaseous  transfer,  will  account  for  the  straight-line 
variation  of  liquid  composition  which  is  implicit  in  his  discussion  of  the 
Katmai  rock  series  and  there  is  apparently  still  less  capability  of  explain- 
ing deviation  of  points  from  the  curves.  Curves  of  liquid  variation  con- 
structed in  the  manner  of  Fig.  36  are  susceptible  of  a  rational  explana- 

1  The  rhyolitic  groundmass  of  the  andesites  which  have  64  per  cent  Si02  furnishes  an  example. 

2  The  possible  directions  of  deviation  of  points  from  the  liquid  lines  of  descent  are,  of  course, 
not  exhausted  in  this  discussion.  The  deviation  is  of  the  kind  noted  only  when  both  kinds  of  early 
crystals  (femic  and  feldspathic)  are  prominently  represented  among  the  phenocrysts,  in  other 
words  when  there  has  not  been  strong  sorting.  With  much  sorting  points  may  be  widely  scattered 
on  either  side  of  the  curves,  not,  however,  in  a  wholly  random  way  but  in  a  manner  determined 
by  the  strong  preponderance  of  some  one  type  of  phenocryst.  Sorting  has  probably  been  a  promi- 
nent factor  in  the  formation  of  rocks  in  Alaskan  regions  adjacent  to  Katmai,  to  be  mentioned  on 
a  later  page. 
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tion  in  terms  of  fractional  crystallization  as  is  also  the  manner  of 
deviation  of  points  from  these  curves. 

Another  possible  explanation  of  the  manner  of  deviation  of  points 
on  this  diagram  is  by  hybridism.  But  the  lack  of  aphanites  of  the  com- 
positions corresponding  with  the  aberrant  types  shows  that  such  hybrid- 
ism as  may  have  occurred  in  the  formation  of  the  analyzed  types  was  not 
in  any  important  degree  a  simple  addition  of  one  liquid  to  another  or  a 
simple  solution  of  rock  in  a  liquid,  although  Fenner  offers  evidence  of 
some  action  of  that  kind.  If  hybridism  occurred  in  significant  amount  it 
was  of  the  reactive  type  discussed  in  a  later  chapter  which  insures  that 
the  liquid  portion  remains  on  the  normal  lines  of  descent,  a  fact  which  the 
petrographic  character  of  the  analyzed  specimens  attests. 

Against  the  hypothesis  of  fractional  crystallization  Fenner  urges  that 
the  Katmai  rocks  show  hornblende  in  some  types  and  in  others  the 
hypersthene-plaiiioclase  assemblage  which  takes  the  place  of  hornblende, 
and  that  they  should  therefore  belong  to  two  different  lines  of  descent. 
There  is  some  evidence,  however,  to  indicate  that  only  the  hornblendic 
line  of  descent  is  represented.  The  facts  suggest  that  the  total  composi- 
tion of  any  rock  was  largely,  if  not  entirely,  determined  by  differen- 
tiation in  a  magma  chamber  where  the  hornblendic  line  of  descent  was 
followed.  Liquids  prepared  in  this  chamber  may,  however,  have  been 
moved  to  higher  levels  and  there  have  crystallized  in  whole  or  in  part 
to  the  hypersthene  mineral  assemblage,  but  when  this  happened  the 
part  of  the  liquid  so  crystallizing  had  reached  the  end  of  its  career  as 
a  producer  of  further  liquids  by  fractional  crystallization.  The  evidence 
that  this  is  so  we  find  in  Fenner's  statement  that  hypersthene  is  confined 
to  the  effusive  rocks,  which  suggests  its  crystallization,  in  the  Katmai 
rocks  at  least,  under  surface  or  near  surface  conditions  and  confirms  the 
opinion  that  no  new  line  of  descent  is  there  initiated  by  the  appearance 
of  hypersthene.  In  addition  Fenner  himself  notes  (p.  692)  that  in  the 
pyroxenic  types  there  Is  evidence  that  hornblende  was  formerly  present. 
We  thus  find  that  the  diverse  mineralogy  displayed  Is  quite  consistent 
with  the  determination  of  the  bulk  composition  of  any  type  by  a  single 
line  of  descent  (hornblendic)  and  the  general  agreement  of  the  points  of 
the  Katmai  diagram  with  smooth  curves  Is  probably  an  expression  of  the 
fact  that  the  rocks  did  correspond  closely  with  a  single  line  of  descent. 
The  data  are  inadequate  for  a  definite  decision  on  this  point.  During  the 
crystallization  of  any  large  body  of  magma  It  is  Inevitable  that  the 
liquid  follow  a  somewhat  different  course  In  different  parts  of  the  mass. 
It  Is  possible  that  in  the  Intrusive  and  extrusive  derivatives  of  the  mass 
this  flexibility  of  the  liquid  descent  may  be  revealed  if  the  derivatives 
come  from  different  parts  of  the  mass.  The  problem  could  be  solved 
by  a  sufficient  number   of  analyses  of   the  aphanitic   groundmass   of 
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rocks  of  the  series.  It  will  never  be  solved  by  determination  of  the  bulk 
composition  of  coarse  granular  or  of  porphyritic  rocks. ^ 

Fenner  gives  ten  other  analyses  of  rocks  from  areas  adjacent  to 
Katmai  and  when  he  attempts  to  plot  these  on  the  straight-line  dia- 
gram he  finds  the  widest  divergence  (Fig.  8,  p.  707).  Believing  that  the 
straight-line  character  is  the  result  of  some  process  which  must  give  such 
variation,  he  is  thus  forced  to  appeal  to  a  different  process  for  the  rocks 
of  adjacent  areas.  These  nearby  rocks  are  of  the  same  general  types  and 
one  is  naturally  reluctant  to  accept  a  different  process.  No  detailed 
petrographic  descriptions  of  the  rocks  are  given,  but  if  one  consiciers 
them  in  the  light  of  fractional  crystallization  and  sets  aside  coarse, 
equigranular  rocks  it  is  probable  that  with  the  aid  of  the  curves  of 
liquid  descent  of  Fig.  36  one  could  predict  which  of  the  rocks  might  be 
altogetlier  aphanitic,  which  of  them  could  be  only  partly  aphanitic  with 
phenocrysts  in  addition  and  at  the  same  time  the  probable  nature  and 
abundance  of  these  phenocrysts.  Only  if  these  predictions  failed  of 
realization  in  the  rocks  would  it  be  necessary  to  appeal  to  a  different 
liquid  line  of  descent  and  even  then  due  consideration  should  be  given 
to  the  possibility  that  this  is  a  variant  of  the  liquid  line  of  descent  pro- 
duced by  crystallization.  In  these  neighboring  rocks  the  deviations  are 
of  the  nature  of  a  greater  scattering  of  the  points  which  indicates 
notable  crystal  sorting  as  a  factor  in  their  formation. 

GENERALIZED  VARIATION  DIAGRAM  AND  ITS  SIGNIFICANCE 

In  the  foregoing  study  of  the  general  significance  of  variation  dia- 
grams only  those  of  sub-alkaline  series  have  been  considered.  Even  in 
these  there  is  some  flexibility  of  the  liquid  lines  of  descent  the  principles 
of  which  have  been  discussed  with  the  aid  of  Figs.  28-34.  Alkaline 
series  represent  still  wider  variation,  to  which  some  study  will  be  given 
on  a  later  page. 

The  general  character  of  variation  diagrams  is  of  much  significance 
in  certain  broader  problems  of  petrogenesis.  If  granite  and  basalt  were 
due  to  a  splitting  of  dioritic  magma  then  the  series  basalt-diorite-granite 
would  give  rectilinear  curves  for  the  oxides.  The  characteristically  curvi- 
linear shape  is  thus  in  itself  sufficient  to  rule  out  that  hypothesis  even 
apart  from  the  detailed  consideration  of  the  signs  of  the  curvature 
which  we  have  seen  to  point  indubitably  to  crystallization  as  the  con- 
trolling factor.  The  curves  of  oxides  in  the  average  composition  of  rocks 
of  the  types,  basalt,  andesite,  dacite  and  rhyolite  show  the  deduced 
shape  (see  Fig.  37).  In  such  averages  the  effects  of  variation  in  the 
liquid  line  of  descent  and  also  the  effects  of  crystal  accumulation  are 
averaged  out,  leaving  the  curves  of  characteristic  shape. 

1  See  also  Tsuboi,  Jour.  Imp.  Vniv.  Tokyo,  II,  Vol.   I,  pt.  2,   1925,  p.  81. 
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In  many  igneous  series  all  the  rocks  from  basic  to  acid  can  be  plotted 
on  curves  that  require  little  smoothing  and  this  fact,  taken  in  conjunc- 
tion with  the  evidence  of  the  control  of  crystallization,  points  to  the 
basic  (basaltic)  magma  as  the  parental  liquid.  All  rocks  more  "basic" 
than  the  parental  liquid  should,  theoretically,  tend  to  give  points  that 
are  characterized  by  a  scattering  and  therefore  by  departure  from 
smooth  curves  because  their  composition  must  be  determined  by  crystal 
accumulation.  Rocks  more  "basic"  than  basalt,  namely  the  ultrabasic, 
do  have  this  character,  as  a  class.  Points  giving  the  oxide  composition 
of  peridotite,  pyroxenite  and  anorthosite  are  shown  in  Fig.  37  ^^^ 
dotted  lines  joining  them  with  the  points  for  basalt.  These  lines  are 
wholly  unrelated  in  direction  with  the  full  curves  of  the  liquid  line  of 
descent.  Some  scattering  of  points  can  occur  anywhere  along  the  lines 
of  descent  as  a  result  of  crystal  accumulation,  and  this  is  the  principal 
cause  of  the  needed  smoothing,  but  of  only  one  type  of  rocks  can  it  be 
said  that  scattering  of  points  is  characteristic  of  the  class  and  that  is 
the  ultrabasic.^  If  basaltic  rocks  were  normally  derived  from  inter- 
mediate magmas  then  basaltic  rocks  as  a  class  would  be  characterized 
by  a  scattering  of  the  points  indicating  their  oxide  contents  on  such 
diagrams.  We  thus  find  strong  petrologic  confirmation  of  the  geologic 
indications  that  parental  magma  is  of  a  basic  (basaltic)  character. 

1  This  matter  is  discussed  further  in  Chapter  IX,  which  treats  such  rocks. 


CHAPTER     VIII 


THE  GLASSY  ROCKS 


IN  THE  preceding  chapter  a  discussion  has  been  given  of  the  varia- 
tion diagrams  of  rock  series  and  of  the  light  which  they  throw  upon 
the  liquid  lines  of  descent.  We  have  found  that  the  smoothed  curves 
of  variation  diagrams  frequently  give  a  close  approximation  to  the 
changing  composition  of  the  liquid  as  crystallization  proceeds.  There  is 
another  source  of  information  regarding  the  composition  of  liquids 
which  gives  this  composition  accurately  but  is  not  as  widely  applicable. 
It  is  a  study  of  the  composition  of  glassy  rocks.  They  are  the  only  rocks 
of  which  we  can  say  with  complete  confidence  that  they  correspond  in 
composition  with  a  liquid.'  Of  most  aphanites  the  same  statement  could 
be  made  with  nearly  as  great  confidence,  but  one  must  be  on  guard 
against  the  possibility  that  the  fine  grain  is  a  secondary  character  pro- 
duced, say,  by  granulation  or  replacement.  Porphyritic  rocks  and  granu- 
lar phanerites  often  correspond  very  closely  in  composition  with  the 
liquid  from  which  they  formed,  but  in  many  instances  there  is  great 
departure  of  such  rocks  from  the  composition  of  any  liquid.  It  may  be 
very  difficult  or  even  impossible  to  determine  the  extent  of  this  departure 
with  the  aid  of  any  characters  revealed  by  an  individual  occurrence  of 
a  certain  rock  type.  When  the  rocks  of  any  area  are  viewed  broadly, 
however,  it  may  be  possible  to  reach  some  conclusions  on  this  question, 
and  in  a  later  chapter  the  information  to  be  obtained  from  Hebridean 
rocks  is  discussed.  Again,  if  rocks  as  a  whole  are  considered,  some  light 
may  be  shed  on  the  general  problem. 

Glassy  rocks  are  particularly  important  in  this  latter  respect.  They 
•are  worthy  of  a  more  extensive  study,  especially  in  the  direction  of  ascer- 
taining the  composition  of  glasses  of  individual  rock  associations,  but 
systematic  Information  of  this  kind  is  not  yet  available  for  Individual 
fields  or  provinces.  We  must  therefore  confine  our  attention  to  a  general 
survey  of  the  composition  of  glasses.  It  is  especially  to  be  noted  that 
they  are  not  necessarily  lavas  but  may  be  dikes  or  the  glassy  selvages 
of  intruslves  elsewhere  crystalline,  so  that  In  mode  of  occurrence  they 
are  not  particularly  restricted. 

1  We  are  not  for  the  moment  considering  such  volatile  constituents   as  may  be  lost  on  cooling. 


126  THE  KVOLUTION  OF  IGNEOUS  ROCKS 

There  are  no  known  glasses  corresponding  with  any  of  the  ultrabasic 
types,  peridotitcs,  pyroxenites  or  anorthosites.  It  is  probable  that  peri- 
dotite  and  pyroxenite  magmas  could  not  be  chilled  rapidly  enough  to 
give  a  glass  so  that  absence  of  glasses  of  these  com[)ositions  can  not,  in 
itself,  be  regarded  as  of  great  importance.  They  could,  however,  give 
spherulitic  and  aphanitic  rocks,  and  to  this  question  we  shall  return  at 
a  later  point.  A  magma  of  anorthositic  composition  could  be  readily 
quenched  to  a  glass,  yet  glasses  of  such  composition  are  quite  unknown, 
a  fact  which  is,  we  believe,  to  be  referred  to  the  non-existence  of  magmas 
(liquids)  of  such  composition. 

Many  other  chemical  differences  between  glasses  and  crystalline  rocks 
are  to  be  seen  but  they  are  always  of  one  nature  and  are  an  expression 
of  the  much  more  limited  range  of  composition  shown  by  glassy  types 
than  by  crystalline  types.  Besides  the  absence  of  glassy  representatives 
of  whole  groups  as  already  mentioned  (e.g.,  anorthosites)  there  is  an 
absence  of  glassy  types  of  extreme  composition  within  individual  groups, 
a  feature  which  will  be  discussed  in  connection  with  rocks  of  granitic 
composition. 

In  Fig.  38  have  been  plotted  the  percentages  of  the  principal  oxides 
of  all  rocks  which  have  been  called  pitchstones  or  perlites  (with  four 
tachylites)  and  are  given  among  the  superior  analysis  of  Washington's 
Tables.  In  all,  30  analyses  are  plotted.  It  is  not  apparent  just  what  fun- 
damental character  of  a  glassy  rock  determines  that  it  shall  be  called 
pitchstone.  The  resinous  appearance  is  ordinarily  considered  to  be 
connected  with  a  high  content  of  water  but  this  is  apparently  only  a 
tendency.  Some  rocks  termed  obsidian  have  as  much  as  10  per  cent 
HoO  and  some  termed  pitchstone  have  as  little  as  2  per  cent.  In  any 
case  it  appears  that  no  rock  of  a  very  decided  alkaline  character  has  been 
termed  pitchstone  and  curves  can  be  drawn  that  represent  the  variation 
of  the  oxides  fairly  well.  They  have  the  typical  form  of  the  curves  of 
sub-alkaline  rock  series.  Such  curves  are  drawn  in  the  figure.  It  will  be 
noted  that  K.^O  rises  at  the  high-silica  end  to  such  a  value  as  8  per  cent 
or  more  and  Na.O  at  the  same  time  may  fall  practically  to  o  per  cent. 

In  Fig.  39  have  been  plotted  the  (superior)  analyses  of  all  other 
glassy  rocks  given  in  Washington's  Tables.  Of  these  there  are  62  and  of 
their  number  44  are  rhyolitic  obsidians  containing  from  70  to  77  per 
cent  SiOo.  The  others  are  mainly  of  medium  silica  content  and  include 
not  only  andesitic  types  but  also  alkalic  types  such  as  trachyte  obsidians. 
Corresponding  with  the  fact  that  a  very  wide  variation  of  liquid  line  of 
descent  is  represented,  no  simple  curves  can  be  drawn  to  indicate  the 
change  of  the  oxides.  In  medio-silicic  rocks  there  is  wide  variation. 
Thus  when  SiO^  is  61-62  per  cent,  KoO  varies  from  1  to  nearly  8  per 
cent,  NagO  from  3  to  more  than  8  per  cent  and  other  oxides  may  vary 


Fig.  38.  Variation  diagram  of  27  pitchstones  and  perlites  and  4  tachylites  from 
Washington's  Tables  (1917).  The  areas  A-D  embrace  the  NasO  content  and  Ai-Di 
the  K2O  content  of  various  types  of  crystalline  rocks  (the  number  of  analyses 
given  in  parenthesis)  of  granitic  composition  illustrating  much  wider  range  of 
variation  of  crystalline  rocks  as  compared  with  glassy  rocks. 
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Fig.  39.  Variation  diagram  of  62  glassy  rocks  (other  than  pitchstone  and  perlite) 
from  Washington's  Tables  (1917).  Five  have  less  than  11  per  cent  AlaOii  and  the 
corresponding  points  thus  lie  below  the  Al^O:,  area  in  the  Fe^Os  area  where  they 
have  been  plotted  as  crosses  to  distinguish  them  from  Fe^Oa  points.  For  explana- 
tion of  areas  A-D  see  Fig.  38. 
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nearly  as  widely.  This  is  because  the  greatest  divergence  between  the 
different  liquid  lines  of  descent  occurs  at  medium  silica  content.  In  an 
individual  tield  one  might  be  able  to  separate  different  lines  of  descent 
on  the  basis  of  field  association,  as  for  example  the  normal  and  the 
alkaline  lines  of  descent  of  the  Mull  authors.^ 

In  the  more  siliceous  glasses,  the  rhyolitic  obsidians,  there  are,  even 
in  the  presence  of  variation  some  noteworthy  tendencies.  There  is  not  the 
same  trend  as  in  the  pitchstones  toward  a  very  high  K^O  value  and  a  very 
low  Na.O  value  at  the  higher  silica  content.  In  only  one  analyzed 
rhyolitic  obsidian  is  NaoO  as  low  as  2.3  per  cent  and  in  only  one  does 
KgO  amount  to  ^.1  per  cent.  There  is  indeed  a  general  tendency  for 
these  obsidians  to  cluster  around  a  KoO  content  of  about  4.5  per  cent 
and  an  Na^O  content  of  about  4  per  cent  or  a  little  less. 

The  striking  feature  is  the  much  greater  restriction  of  composition  of 
the  glassy  rocks  (rhyolitic  obsidians)  as  compared  with  crystalline 
rocks  of  the  same  general  class  (granites,  porphyries,  etc.).  In  Fig.  39 
two  rectangles  E  and  E^^  have  been  drawn  in  the  NaoO  and  KoO  sections 
of  the  diagram  and  practically  all  the  44  rhyolitic  obsidians  fall  within 
these  rectangles.  Only  one  shows  great  departure  and  this  only  with 
respect  to  its  Na^O  content. 

The  corresponding  crystalline  rocks  are  dominantly  of  composition 
analogous  to  the  obsidians  but  they  show  in  addition  a  great  number 
of  types  of  much  wider  variation.  The  principal  groups  with  notable 
departure  are  indicated  on  the  diagram  (Fig.  39)  by  ovoid  areas  which 
embrace  the  Na^O  and  KoO  contents  of  the  granites  of  these  groups. 
Thus  the  areas  designated  A  and  Aj  represent  the  NaoO  and  KoO 
content,  respectively,  of  a  large  group  of  granites  (the  numbers  in  paren- 
theses give  the  number  of  analyses)  very  high  in  SiO.^  and  rather  low  in 
both  alkalis.  There  are  no  corresponding  rocks  among  the  obsidians. 
The  areas  B  and  B^  embrace  the  Na^O  and  K,0  content  of  a  group  of 
rather  siliceous  granites,  high  in  KoO  and  very  low  in  NaoO,  without 
corresponding  rocks  among  the  obsidians.  The  areas  C  and  C^  represent 
the  NaoO  and  K^.O  content'-  of  a  group  of  granitic  rocks  of  somewhat 
less  silica  content  with  extremely  high  KoO  and  but  little  NaoO.  There 
are  no  corresponding  glasses.  The  areas  D  and  D^  embrace  the  NaoO 
and  KoO  content  of  a  group  of  siliceous  granites  very  high  in  soda,  with 
potash  nearly  lacking.  Again  there  are  no  corresponding  obsidians.  One 
obsidian,  the  exceptional  one  already  referred  to,  has  as  high  NaoO  as 
this  group,  viz.,  about  8  per  cent,  but  also  has  4.5  per  cent  KoO,  the 
proportion  being  thus  much  more  nearly  balanced  than  in  the  crystal- 
line rocks  of  similar  tendencies. 

1  Mull  Memoir,  Figs.  2,  4. 

2  Tiie  area  Ci_  extends  beyond  the  10  per  cent  limit  of  the  K2O  area,  some  of  the  rocks  of  this 
group  containing  12  per  cent  K2O. 
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The  same  general  observations  may  be  stated  in  the  language  of  the 
norm  classitication.  Granular  rocks  and  rocks  with  porphyritic  elements, 
such  as  porphyries  and  rhyolites,  are  found  in  all  subrangs.  On  the 
other  hand,  of  44  obsidians  31  fall  in  sodipotassic  subrangs  and  13  are 
dosodic.  None  are  persodic  and  none  dopotassic  or  perpotassic. 

When  these  ovoid  areas  representing  the  alkali  compositions  of  ex- 
treme granites  are  laid  on  the  pitchstone  diagram  (Fig.  38)  the  same 
avoidance  of  the  points  indicating  the  composition  of  glassy  rocks  is 
noted.  There  is,  however,  an  exce[)tion.  The  areas  B  and  B^,  represent- 
ing the  composition  of  high  potash  granites,  embrace  typical  pitchstone 
compositions.  This  fact  will  be  discussed  more  fully  at  a  later  point. 
Suffice  it  here  to  note  the  large  number  of  crystalline  rocks  of  granitic 
composition  for  which  there  are  no  glassy  equivalents  either  among  the 
pitchstones  or  the  obsidians. 

If  the  differentiation  of  rock-types  is  due  to  processes  taking  place 
while  magmas  are  entirely  liquid,  say  to  liquid  immiscibility  or  to 
transfer  of  material  from  one  part  of  the  liquid  to  another  by  gases, 
then  all  of  the  liquids  so  produced  have  an  approximately  equal  chance 
of  being  represented  among  glassy  rocks  and  there  should  be  no  restric- 
tion of  composition  of  the  glassy  rocks  as  compared  with  crystalline 
rocks.  On  the  other  hand,  if  differentiation  is  due  to  crystallization  then 
the  glassy  rocks  should  be  restricted  to  possible  liquids  formed  during 
the  course  of  crystallization.  Crystalline  rocks  will  include  such  compo- 
sitions but  will  also  include  many  rocks  representing  crystal  accumula- 
tions from  these  liquids,  separated  from  their  mother  liquor  in  one  way 
or  another,  but  probably  by  filter-pressing  in  the  case  of  the  siliceous 
rocks  we  have  just  discussed.  The  fact  that  crystalline  rocks  do  show 
ranges  of  composition  unmatched  in  glassy  rocks  may  be  regarded  as 
tending  to  confirm  crystallization-differentiation. 

It  is  not  to  be  regarded  as  probable  that  every  particular  instance  of 
departure  of,  say,  a  granitic  rock  from  obsidian  or  pitchstone  composi- 
tions is  evidence  of  its  derivation  by  crystal  accumulation.  No  doubt 
many  rocks  of  a  dominantly  igneous  character  have  acquired  extreme 
compositions  through  various  secondary  processes  such  as  impregnation 
with  matter  transported  in  aqueous  solutions  or  even  in  vapors.  This 
is,  nevertheless,  an  action  distinct  from  igneous  differentiation  itself, 
however  closely  connected  with  and  dependent  u[)on  igneous  processes 
it  may  be.  The  restriction  of  composition  of  the  glassy  rocks  is  strongly 
inimical  to  the  conception  that  extreme  compositions  can  be  produced 
in  liquid  magmas  themselves  by  any  process  of  so-called  gaseous  trans- 
fer. (See  also  pp.  295-6.) 

We  may  now  return  to  the  fact  already  noted  that  certain  high  potash 
granites  correspond  in  composition  with  pitchstones,  which  pitchstones 
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may,  therefore,  represent  the  liquids  from  which  such  granites  are 
formed.  These  granites  are,  however,  fairly  abundant  and  if  they  are 
normally  formed  directly  from  a  liquid  of  their  own  composition  one 
would  expect  their  glassy  equivalents  to  be  of  frequent  occurrence. 
Pitchstones  are  quite  rare  and  the  suggestion  is  worth  consideration  that 
they  are  the  glassy  equivalents  of  pegmatites,  in  particular  of  graphic 
granite  pegmatites.  They  show  similar  contrasts  in  their  alkali  contents 
but  pitchstones  are  distinctly  more  siliceous,  averaging  about  38  per 
cent  normative  quartz  whereas  graphic  granite  averages  about  25  per 
cent.  Possibly,  therefore,  the  pitchstones  may  be  regarded  as  the  glassy 
equivalents  of  pegmatites  plus  quartz  veins.  The  quartz  veins  would 
then  be  formed  from  the  highly  aqueous  residuum  after  the  crystalliza- 
tion of  pegmatite  from  a  liquid  with  pitchstone  composition.  This  vein- 
forming  liquid  is  not  to  be  regarded  as  consisting  of  SiO^  and  water 
only,  but  must  contain  considerable  quantities  of  other  substances  which 
render  silica  soluble  and  which  are  themselves  too  soluble  to  be  precipi- 
tated with  the  silica.  A  largeamount  of  liquid  requires  to  circulate  through 
the  vein  in  order  to  deposit  a  relatively  small  amount  of  quartz.  Such 
liquids  are  in  no  sense  magmas  as  the  term  is  ordinarily  used,  for  this 
usage  implies  a  liquid  which,  by  a  single  act  of  injection  into  a  fissure, 
with  subsequent  congelation,  is  capable  of  filling  the  fissure  with  a  solid 
rock.^  Quartz  veins  are  plainly  not  formed  from  any  such  liquids.  If 
they  were  we  should  have  such  veins  with  silica  glass  selvages,  and  there 
is  no  reason  why  we  should  not  have  effusive  rocks  of  silica  glass.  The 
nearest  approach  to  this  we  have  is  the  siliceous  sinter  deposit  of  hot 
springs  which  in  its  genetic  relations,  particularly  in  the  nature  of  the 
liquid  from  which  it  is  deposited,  is  probably  to  be  taken  as  a  strict 
analogue  of  quartz  veins. 

Glassy  rocks,  formed  as  the)'^  are  by  simple,  rapid  cooling,  permit 
little  latitude  in  the  interpretation  of  the  nature  of  the  material  from 
which  they  formed.  Such  rocks  are  sharply  limited  at  a  silica  content  of 
77  per  cent  (see  Figs.  38  and  30)^  and  probably  represent  the  extreme 
of  what  can  be  appropriately  designated  magma  in  accordance  with 
accepted  usage  as  stated  above.  "Granites"  of  very  high  silica  content 
may  be  the  result  of  crystal  accumulation  or  they  may  be  the  result  of 
silicification  of  other  granites  or  again  of  granitization  of  a  highly  sili- 
ceous rock  such  as  quartzite.  It  may  be  impossible  in  individual  instances 
to  determine  which  mode  of  origin  is  to  be  preferred,  but  the  absence 
of  glassy  equivalents  rules  out  their  formation  by  simple  consolidation 

1  Schaller,  Amer.  Mineralogist,  12,  1927,  p.  59;  also  Briigger  in  Tom  Barth,  Vidensk.  Akad.  Oslo, 
Skr.  I,  Mat.-Naturv.   Kl.,   1927,  No.  8,   p.    112. 

2  In  plotting  these  diagrams  tlie  analyses  have  not  been  reduced  to  a  water-free  basis,  yet  it  so 
happens  that  all  those  rocks  with  hiRhest  amounts  of  Si02  have  so  little  water  (even  among  the 
pitchstones)  that  the  SiOj  content  is  limited  at  approximately  77  per  cent  even  on  a  water-free 
basis. 
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of  a  magma.  It  has  frequently  been  demonstrated  that  the  very  high 
Si02  content  of  some  rhyolites  is  of  secondary  origin.' 

There  is  one  type  of  extreme  granite  for  which  some  indications  are 
forthcoming  as  to  a  choice  between  the  above  processes  of  origin.  The 
absence  of  any  glassy  rocks  corresponding  with  granite  very  rich  in 
albite  is  important  in  connection  with  the  tendency  of  recent  investi- 
gators to  refer  albite-rich  rocks  to  a  replacement  process.-  One  would 
expect  glassy  rocks  of  such  composition  if  there  were  magmas  of  cor- 
responding composition.  On  the  other  hand,  if  the  richness  in  albite  is 
the  result  of  a  secondary  process  of  impregnation  of  a  solid  rock  with 
albite  by  circulating  aqueous  solutions,  we  should  not  expect  glassy  rocks 
rich  in  the  albite  molecule.  Such  solutions  would  be  incapable  of  con- 
solidation in  toto,  a  process  which  is  necessary  for  the  formation  of  a 
glassy  rock.  The  absence  of  glassy  rocks  rich  in  the  albite  molecule  is 
thus  to  be  taken  as  confirmatory  of  the  concept  that  albite-rich  rocks 
are  formed  by  a  process  of  replacement,  probably  in  all  cases.  Rocks 
consisting  of  albite  and  calcite  belong  here.  There  is  nothing  in  the 
manner  of  their  occurrence  to  warrant  belief  in  their  formation  by  simple 
consolidation  of  a  magma,  nor  is  there  in  "carbonate  dikes." 

Summing  up  the  evidence  of  the  glassy  rocks,  we  find  that  the  notable 
restriction  of  composition  of  these  rocks  as  compared  with  that  of  pri- 
mary crystalline  rocks  is  to  be  referred  to  the  natural  restriction  of  the 
possible  compositions  of  the  changing  "mother-liquors"  in  a  crystalli- 
zation sequence  as  compared  with  the  wide  range  of  possible  composi- 
tion of  the  crystalline  deposits  from  these  liquids.  The  facts  are  de- 
structive of  any  hypothesis  which  assumes  the  formation  of  the  more 
extreme  rock  types  by  any  process  taking  place  in  a  wholly  liquid 
magma,  such  as  unmixing  of  liquids  or  transfer  of  materials  from  one 
part  of  the  liquid  to  another  by  gases. 

1  H.  C.  Richards,  Proc.  Roy.  Soc.  Queensland,  34,    1922,  p.    195. 

2  Larsen,  Econoimc  Geology,  23,  1928,  pp.  398-433;  Schaller,  Amer.  Jour.  Set.,  10,  1925,  p.  279; 
Hess,  Enff.  and  Min.  Jour.,  120,   1925,  pp.  289-98;  Landes,  Amer.  Mineralogist,  10,   1925,  p.  411. 


CHAPTER     IX 

ROCKS  WHOSE  COMPOSITION  IS  DETERMINED  BY 
CRYSTAL  SORTING 

INTRODUCTION 

IN  THE  two  preceding  chapters  attention  has  been  directed  particu- 
larly to  rocks  belonging  to  or  approaching  in  composition  the  liquid 
lines  of  descent.  It  \yas  intimated  that  certain  rocks,  as  originally 
constituted  and  quite  apart  from  any  secondary  process,  may  depart 
from  such  compositions,  in  some  instances  moderately,  in  others  very 
markedly.  This  departure  is  believed  to  be  due  to  crystal  accumulation 
accompanied  by  greater  or  less  sorting  of  various  kinds  of  crystals.  At- 
tention will  now  be  turned  to  these  rocks.  In  adducing  the  evidence  of 
their  character  and  origin  we  shall  stress  certain  examples  because  it  is 
believed  that  they  present  the  evidence  in  clearer  form.  These  examples 
are  found  among  the  rock  associations  of  the  Scottish  Hebrides. 

The  Western  Isles  of  Scotland  constitute  an  igneous  province  that  has 
probably  contributed  as  much  to  the  growth  of  present-day  concepts 
of  igneous  geology  as  any  other  single  area  upon  the  earth.  In  the  days 
when  igneous  rocks  were  struggling  for  recognition  as  such  this  area 
was  a  hard-fought  and  hard-won  battlefield  and,  from  that  time  to  the 
present,  controversy  has  raged  over  various  aspects  of  igneous  geology 
there  displayed.  The  reason  for  the  great  interest  shown  in  the  region 
lies  mainly  in  its  natural  advantages.  The  igneous  rocks  are  dominantly 
of  Tertiary  age  and  for  the  most  part  unmetamorphosed.  Every  expres- 
sion of  igneous  activity  from  surface  flows  to  deep-seated  masses  is  to 
be  found  and,  accompanying  this,  a  wide  range  of  chemical  composition. 
The  region  has  suffered  glaciation,  which  makes  for  good  exposures  of 
fresh  rock,  and  is  at  the  same  time  one  of  considerable  relief  so  that 
structural  relations  may  be  examined  in  three  dimensions.  It  is  not  sur- 
prising that  such  a  region  should  have  attracted  investigators  of  the 
first  rank  during  a  century  or  more. 

Out  of  the  numerous  controversies  upon  this  area  there  has  come 
a  large  measure  of  agreement  upon  the  outstanding  facts  and  but  little 
less  agreement  upon  the  broader  interpretation  of  these  facts.  Volcanic 
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activity  has  been  a  dominant  feature  and  surface  flows  are  the  most 
widespread  rocks,  constituting  lava  plateaux,  once  of  enormous  extent 
but  now  broken  up  by  faults  and  partly  submerged  beneath  the  sea. 
These  lavas  are,  to  a  great  extent,  the  product  of  fissure  eruptions  and 
in  consonance  with  this  they  are  principally  of  basaltic  composition. 
Equally  widespread  are  regional  dikes,  in  part  the  feeders  of  these  flows. 
Supplementing  this  general  activity  local  centers  of  eruption  came  into 
being  and  in  these,  besides  surface  lavas,  there  have  been  formed  deeper- 
seated  masses  now  partly  exposed  by  erosion.  Here  we  find  the  principal 
variation  of  composition  in  the  rocks. 

The  most  important  and  the  most-studied  of  the  eruptive  centers  are 
located  in  Skye  and  in  Mull,  The  principal  study  of  Skye  has  been 
made  by  Marker,'  though  he  has,  of  course,  in  some  measure  built  upon 
the  work  of  others,  notably  Geikie  and  Teall.  The  principal  study  of 
Mull  is  the  result  of  the  collaboration  of  a  large  group  of  workers.^  The 
igneous  geology  is  principally  by  E.  B.  Bailey,  C.  T.  Clough,  and  H.  H. 
Thomas  and,  of  earlier  workers  in  Mull,  Judd  is  particularly  to  be 
mentioned.  The  Skye  and  Mull  Memoirs  will  ever  be  among  the  classics 
of  geology. 

The  authors  of  these  memoirs  are  thoroughly  agreed  upon  the  domi- 
nance of  crystallization  as  a  factor  controlling  differentiation  in  their 
areas.  On  only  one  major  point  were  the  Mull  authors  in  doubt  and 
that  was  on  the  possibility  of  the  derivation  of  their  Non-Porphyritic 
Central  magma-type  from  their  Plateau  magma-type  by  cr\'stallization- 
differentiation.  This  question  we  have  already  discussed  and  have  shown 
that  a  very  satisfactory  solution  is  afforded  by  cr^'stallization-differen- 
tiation,  whereas  the  suggested  alternative,  assimilation,  is  apparently  out 
of  the  question.'  There  is  thus  notable  agreement  of  the  findings  in  these 
fields  with  the  thesis  of  the  present  study.  If,  therefore,  in  the  following, 
we  shall  raise  questions  not  raised  by  the  investigators  of  these  rocks 
or,  to  certain  questions,  suggest  answers  differing  from  those  given  by 
them,  the  reader  should  always  bear  in  mind  the  essential  agreement 
on  the  central  fact  of  the  control  of  crystallization. 

THE    PORPHYRITIC    CENTRAL    MAGMA-TYPE    OF    THE    MULL    AUTHORS 

To  introduce  some  of  these  questions  we  shall  turn  first  to  Mull.  The 
rocks  of  Mull  are  lavas,  dikes,  sheets  and  major  intrusions  in  each  of 
which  intrusion  form  there  is  much  variety  of  composition.  It  has 
already  been  pointed  out  that  the  term,  "magma-type,"  has  been  intro- 

1  "Th<  Tertiarr  Igneous  Rocks  of  Skye,"  Mfm.  Geol.  Surv.  United  Kingdom,  1904. 

3  "Tertiary   and  Post-Tertiary   Geology  of   Mull,  Loch  Alihe   and  Oban,"   Mem.   Geol.  Surv.  Scot.. 

1924- 

3  See  pp.  7i-»- 
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(bleed  by  the  Mull  workers.  "Tlie  conceptioa  of  magma-type  is  based 
apoa  com.pQsitioa  alone,  la  this,  ir  (titers  from,  the  conceptioa  of  rock- 
type  which  takes  into  account  texture  a^  weii  ai  cc  '  .  i 
basalt  and  a  gabbro  may  belong  to  one  magma-cype  . .  .  " 
representatives  of  dilferent  rock-cypes."-  In  introducuLi  t^ic  '-.i^^— .■.---,-,»- 
the  Mu.-  autTiors  have  performed  an  important  service,  for  one  can 
take  each  type  and  examine  its  range  of  texturai  variety.  In  tiiis  way,  as 
we  hope  to  show,  a  good  deal  of  informatioa  is  to  be  obtained  as  to  tfii* 
genesis  of  types.  The  probabie  parental  mi^gmg  is  the  Plateau  magma- 
type  which  ■"  .  with  either  a  basaltic  or  dolerldc  - 
attaining  to  .  .  ji  certain  rr:a.--v-"e  cone-^heets-'""  .  : 
magma-types  Laere  are  two,  the  >•  •.  Central  type  a^n  :iie 
Porphyritic  Central  type.  In  makir. .  ^_  _i:tion  a  fact  of  funda- 
mental importance  in  Hebridean  igneous  ^ology  ha.^  been  isolated.  The 
Noa-Porphyritic  Central  type  "is  known  as  a  partially  devitrijied  gT?-'^^ 
and  with  every  grade  of  crystallization  from,  rftis  oawards  to  gabbrQic"^ 
On  the  other  har. :  "  -ohyritic  Central  type  is  "always  t' 
in  its  nner  crys-.^  :,  with  small  or  large  phenocrysr,:  : 
plagioclase  feidipar.  The  base  may  be  partially  vitreous  and.  orten 
variolitic  in  ch^.^id  portions  of  pillow-lavas  and  minor  intmaions ;  else- 
where it  is  anything  from,  basaltic  to  gabbroic  in  texture.  In  the  gabbroa 
the  porphyritic  tendencies  of  the  feldspar  may  be  lost  :  .  :'  :r  at  any 
rate  ctuch  obscured.   *  Ri*m«*mb»*rTn2'  t^o^^  "ha*  fh**    :                    between 

these  two  types  is  pur*^  jr.i£cance 

that  the  types  can  be    .  -  .    .     .    .  .  .  terzis.  It 

is  evident  that  there  were  liquids  corresponding  in  coraposmon  with 

the  Xon-Porphyritic  magma-cype  for  ic  is  '''knanin.  as   -  ""'  ■         ■ ' 

/^^^  glass"  It  is  equally  evident  that  there  were  no  :- 

' '  :.     "        -  ■    -  -  ~    -        -         --■:--  i-'ype  r.ir 

-'"t'  how  r  ;.  - 1 

tne  ma.gmn  may  oave  aeen,  m  w  .  i  ise  all  of  tne  feldspar 

:o  enter  into  the  glassy  to  apii^.^    .-  _   i.v._-i.  Always  some  of  the 

feldspar  occurs  as  phenocrysts.  There  is  only  one  coociusioa  to  be 
reached  and  that  is  that  die  pc— "' — --"-  feldspar  never  was  ir, 
in  the  liquid  now  quenched  to  ir  ■:  or  oarrlv  ^'.i^^-o-  t^-  .'  .  ■ 

The  phenocrysts  retiresent  a  c-  -  -      :' 

:ourse,  once  in  solution  in  some  ."'--:■:"  i 

in  composition  with  the  bulk  compositioa  of  the  Porphyritic  magma-cype 

for,  in  that  case,  there  would  be  no  reason  why  die  p— ' :  nia-Znia- 

-yne  should  be  "alx::cLys  porphyritic  in  its  finer  cry:   .        _      '^.''  The 

.    :      Miesnnic;  p.  is. 

-  '-a  .  3-  U- 
;  ird-.  p.  18- 
-e  -JtuL,  pp.  ^  and  2;. 
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phenocrysts  of  plagloclase  are  usually  about  AbjAn^  and  they  must  have 
accumulated  from  a  considerable  mass  of  liquid.  The  manner  of  their 
accumulation  we  shall  not  attempt  to  decide.  Presumably  at  such  an 
early  stage,  movement  of  crystals  under  the  action  of  gravity  is  the  only 
process  available,  but  whether  the  movement  would  be  upward  or 
downward  is  not  determinable  with  certainty.  No  doubt  other  crystals 
were  separating  at  the  same  time  but  their  motion  differed  either  in 
magnitude  or  in  direction.  While  the  Porphyritic  magma-type  thus  rep- 
resents a  certain  liquid  plus  plagioclase  phenocrysts  it  also  represents  an 
earlier  liquid  plus  plagioclase  minus  olivine  and/or  augite.  If  the  mass 
is  injected  into  surrounding  rocks  at  this  stage,  to  form  an  intrusive  of 
moderate  dimensions,  or  is  poured  out  on  the  surface  it  gives  a  dolerite 
or  a  basalt  with  feldspar  phenocrysts.  If,  on  the  other  hand,  it  cools 
where  it  had  its  origin  or  is  moved  elsewhere  as  a  large  mass,  the  con- 
tinued outgrowth  of  crystal  boundaries  gives  a  gabbro  in  which  "the 
porphyritic  tendencies  of  the  feldspar  may  be  lost  sight  of,  or  at  any 
rate  much  obscured."  It  is  clear  that  the  plagioclase  phenocrysts  are 
excess  material.  The  unfailing  porphyritic  character  not  only  proves 
this  fact  but,  in  addition,  it  proves  that  the  phenocrysts  of  plagioclase, 
accumulating  by  whatever  method,  were  never  redissolved.  Otherwise 
there  would  be  available  somewhere  a  rapidly  cooled  mass  having  the 
total  composition  of  the  Porphyritic  magma-type  and  containing  all  of 
its  plagioclase  as  a  constituent  of  the  aphanitic  ground.  There  are  no  such 
rocks  in  the  region,  at  least,  none  has  been  found. 

In  the  face  of  the  large  amount  of  work  that  has  been  done  on  these 
rocks  by  organized  surveys  whose  collections  are  preserved  for  com- 
parison during  each  succeeding  investigation,  it  is  very  unlikely  that,  if 
such  rocks  exist,  they  should .  have  escaped  collection  and  subsequent 
determination  of  their  character  in  petrographic  and  chemical  studies. 
Harker  has  noted  the  same  fact  that  is  so  emphatically  stated  by  the 
Mull  workers.  Of  basic  sills  in  the  Small  Isles  he  states,  "A  decided  por- 
phyritic character  seems  to  be  connected  with  the  composition  of  the 
rocks  which  exhibit  it,  these  having  on  the  whole  a  greater  preponder- 
ance of  felspar  than  the  others."^  He  thus  states  it  rather  as  a  tendency, 
yet  no  specific  exceptions  are  noted.  In  view  of  these  facts  the  emphasis 
of  the  Mull  authors  seems  to  be  justified.  All  the  more  is  this  true  when 
it  is  found  in  a  broad  survey  of  the  composition  of  basaltic  rocks  that 
a  porphyritic  character  is  a  perfectly  general  one  in  basaltic  rocks 
notably  rich  in  basic  plagioclase.  Such  a  survey  is  given  on  a  later  page. 

It  is  especially  to  be  borne  in  mind  that  we  are  not  contending  that 
the  phenocrysts  of  all  porphyritic  rocks  represent  an  excess  of  those 
crystals  and  that  no  liquid  having  the  bulk  composition  of  a  porphyritic 

J  "Geology  of  the  Small  Isles,"  Mem.  Geol.  Surv.  Scot.,  1908,  p.  122. 


TABLE  IX 

PORPHYRITIC    CENTRAL    MAGMA-TYPE 

Dolerite  Gabbro 


Basalt 


S1O2 
TiOi 
AI2O3 
Cr203 

FCaOa 

FeO 

MnO 

(Co,   Ni)0 

MgO 

CaO 

BaO 

Na.O 

K2O 

LhO 

H2O  +  105° 

H2O  at  105° 

P2O5 

CO2 

FeS2 

Spec.  grav. 


I 

A 

R 

II 

III 

IV 

V 

45-54 

46.39 

47.28 

48.34 

47.24 

47-49 

48.51 

1.06 

0.26 

0.28 

0.95 

1.46 

0.93 

1.46 

23-39 

26.34 
tr. 

2.02 

21.11 

20.10 

18.55 

21.46 

19.44 

1.98 

3-52 

1-97 

6.02 

1.72 

5.66 

6.98 

3-15 

3-91 

6.62 

4.06 

4.80 

4.00 

0.27 

0.14 

0.15 

0.32 

0.31 

0.15 

0.23 

nt.fd. 

0.05 

0.04 

0.04 

4.60 

4'82 

8.06 

5-49 

5.24 

4-59 

5.12 

11.82 

15.29 

13.42 

13.16 

11.72 

13.24 

12.03 

0.10 

nt.fd. 

nt.fd. 

nt.fd. 

2.50 

'1.63 

1.52 

1.66 

2.42 

2.17 

2.53 

0.44 

0.20 

0.29 

0.98 

0.15 

0.42 

C.25 

nt.fd. 

nt.fd. 

nt.fd. 

nt.fd. 

0.72 

0.48 

0.53 

0.44 

2.24 

2.54 

0.48 

0.62 

0.10 

0.13 

0.02 

0.21 

0.17 

0.04 

0.13 

tr. 

tr. 

0.04 

0.26 

0-43 

0.16 

0.11 

0.19 

0.08 

0.09 

nt.fd. 

nt.fd. 

nt.fd. 

nt.fd. 

00.0,- 

100.82 

100.20 

100.30 

100.12 

100.23 

100.04 

2.85 

2.85 

2.90 

NORMS 

2.93 

2.85 

2.82 

2.93 

)olerite 

Gabbro 

Basalt 

I 

A 

B 

II 

III 

IV 

V 

Q 

4.02 

4-32 

Or 

2'.78 

1.11 

V.67 

5-56 

1.11 

2.22 

1.67 

Ab 

17.82 

13.62 

12.58 

14.15 

20.44 

18.35 

20.96 

An 

Ne 

51.15 
1.70 

63-94 

50.04 

44.48 

39-20 

47.82 

40.87 

Di 

7.76 

9-58 

13.00 

17-03 

13-31 

13-39 

13-92 

Hy 

1.06 

12.81 

10.32 

7.00 

11.69 

6.70 

01 

12.90 

7-47 

3-69 

4.25 

Mt 

3-02 

3.02 

5.10 

2.78 

8.82 

2.55 

8.35 

II 

1.98 

0.46 

0.61 

1.82 

2.89 

1.67 

2.89 

Ap 

0.34 

0.67 

1.01 

0.34 

Total  Feld; 

jpar 

71-75 

78.67 

64.29 

64-19 

60.75 

68.39 

63-50 

%  An  in  Norm.  Plag. 

74 

83 

80 

76 

66 

72 

66 

I— ('15994,   Lab.    No.   389.)   Sill.    Hillside    between    two   streams    S.   of   Coire   Buidhe  ;    Mull.    Small- 
Feldspar  Dolerite,  p.  285.  Anal.  E.  G.  Radley. 

A — (8043,  Lab.  No.    18.)   Major  Intrusion,  Cuillins.  Sligachan  River;   Skye.   Olivine-Gabbro,   quoted 
from   Harker,   Tertiary  Igneovs  Rocks  of  Skye.   1904,  p.   103.   Anal.  W.   Pollard. 

B — (8194,  Lab.  No.  19.)  Major  Intrusion,  Cuillins.  Coir  'a  'Mhadaidh  ;  Skye.  Olivine-Gabbro,  quoted 
from  Harker,  xbid..  p.   103.  Anal.  W.  Pollard. 

II — {14846,   Lab.    No.    373.)    Major  Intrusion,    Reinn   na   Duatharach.    Five-eighths    mile   N.N.W.   of 
summit  of  B.  na  Duatharach  ;  Mull.  Olivine-Gabbro.  Anal.  E.  G.  Radley. 

Ill — (18469,  Lab.  No.  445.)  Lava.  One-half  mile  S.S.W.  of  Derrynaculen  ;  Mull.  Basalt,  Porphyritic 
Central  Type,  p.   148.  Anal.  E.  G.  Radley. 

IV — (18472,   Lab.    No.   447.)    Pillow-lava.    One-quarter   mile   slightly    E.    of  S.   of   cairn   on    Cruach 
Choireadail  ;  Mull.  Basalt,  Porphyritic  Central  Type,  p.   150.  Anal.   E.  G.  Radley. 
V — (18471,  Lab.  No.  446.)  Lava.  Three-eighths  mile  N.E.  of  cairn  on  Cruach    Doire  nan  Guilean, 
west  side  of  a  little  lochan  ;  Mull.  Basalt,  Porphyritic  Central  Type,  p.  148.  Anal.  E.  G.  Radley. 


138  TH^  EVOr.UTION  OF  IGNEOUS  ROCKS 

rock  is  ever  to  be  expected.  I'his  is  plainly  at  variance  with  the  facts.  The 
augite  andesites  of  the  Mull  area  itself  are,  for  example,  frequently 
porphyritic  but  material  of  the  same  composition  has  at  other  times 
been  cooled  rapidly  to  a  glassy  or  wholly  aphanitic  rock  thus  showing 
that  all  of  its  constituents  entered  into  the  composition  of  a  liquid.  They 
are  not  "always  porphyritic  in  their  finer  crystallizations." 

We  may  now  examine  somewhat  more  closely  the  chemical  and  mineral 
composition  of  the  various  crystalline  manifestations  of  this  Porphy- 
ritic Central  magma-type.  To  this  end  we  reproduce,  in  Table  IX,  the 
table  of  chemical  composition  as  given  in  the  Mull  Memoir, 

It  will  be  noted  that  two  of  the  typical  representatives  of  this  magma- 
type,  those  lettered  A  and  B,  are  gabbros  of  the  Cuillin  laccolith  of 
Skye.  Of  these  Harker  gives  the  mineral  composition  as  determined  by 
actual  separation  of  the  minerals.^  The  result  is  stated  below  in  Table  X. 

TABLE  X 

MECHANICAL  ANALYSIS   OF    SKYE  GABBROS 

A  B 

"Labradorite"2  79.50  (G  =  2.735  —  2.74)  65.96  (G  =  2.737) 

^r^'-'^    ]  16.18  32.43 

Olivine   j  o    -to 

Enstatite  2.10 

Magnetite  2.40  1.61 


When  the  actual  mineral  composition  of  these  two  gabbros  is  com- 
pared with  their  calculated  normative  composition  as  given  in  Table  IX 
a  remarkable  degree  of  correspondence  is  shown.  We  may  therefore  take 
it  that  in  rocks  falling  under  this  magma-type  the  "norm"  represents 
the  actual  mineral  composition  fairly  closely  and  the  table  of  norms 
gives  a  satisfactory  survey  of  mineral  composition.  It  has  already  been 
pointed  out  that  this  magma-type  occurs  in  the  form  of  flows,  minor 
intrusions  and  major  intrusions.  There  is,  however,  a  distinct  trend  of 
mineral  composition  apparent  in  the  table  of  norms.  The  basalts  show, 
on  the  average,  the  least  enrichment  in  plagioclase,  the  dolerlte  is  inter- 
mediate and  among  the  gabbros  the  extreme  of  this  condition  is  in 
evidence,  one  of  the  gabbros  containing  nearly  80  per  cent  of  plagio- 
clase. There  is  a  very  plain  tendency,  too,  for  the  proportion  of  anor- 
thite  in  the  plagioclase  to  increase  as  the  total  amount  of  plagioclase  in 
the  rock  increases.  Thus  among  the  gabbros  are  found  the  rocks  richest 
in  plagioclase  and  also  the  most  calcic  plagioclase.  All  of  this  is  in  accord 
with  the  deduction  that  these  rocks  represent  types  in  which  basic  plagio- 
clase has  accumulated  as  crystals  without  any  significant  remelting  or 

1  skye  Memoir,  p.   104. 

2  Both   the  chemical    composition    and   the   density   of   the   plagioclase   show   that   the   composition 
approaches  AbiAn*  which  is  ordinarily  termed  bytownite. 
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re-solution.  As  the  amount  of  accumulated  crystals  increases  the  mass 
becomes  less  capable  of  being  poured  out  as  a  lava  and  the  extreme 
types  occur  only  as  a  major  intrusion.  It  is,  of  course,  not  necessary  that 
all  major  intrusions  should  show  this  enrichment  in  plagioclase  and  in 
anorthite.  It  is  true,  however,  that  only  a  major  intrusion  can  show  it 
or,  to  be  more  accurate,  usually  only  a  part  of  a  major  intrusion.  This 
part  of  the  intrusion  is  the  locus  of  accumulation  of  plagioclase  crystals. 
The  mass  has  neither  arrived  there  as  such,  nor,  in  the  case  of  the  extreme 
types,  does  it  move  thence  to  form  other  intrusive  masses  except  under 
special  circumstances  which  we  shall  discuss  on  another  page. 

Considering  the  manner  of  their  origin  it  is  only  natural  that  the 
compositions  of  rocks  of  the  Porphyritic  Central  magma-type  do  not 
lie  on  the  smooth  curves  of  variation  of  the  Normal  Mull  Magma 
series  (see  Fig.  27).  The  rocks  are  unquestionably,  in  their  mineralogy 
and  all  their  features,  derivatives  of  this  series  but  their  formation 
involves  crystal  sorting.  We  have  already  shown  that  only  rocks  which 
have  the  composition  of  possible  liquids  can  give  points  which  lie  on 
smooth  curves.  Where  crystal  sorting  is  involved  there  must  be  a  scat- 
tering of  the  points  (see  Fig.  37).  Thus  we  find  the  Mull  authors  plotting 
these  rocks  on  a  separate  diagram  which  is  not,  however,  a  variation 
diagram  in  the  same  sense  as  the  diagram  of  the  Normal  Mull  Magma 
series,  in  that  it  does  not  represent  the  compositions  of  successive 
mother-liquors.  Indeed,  if  the  term  magma-type  involves  the  assumption 
that  a  magma  is  completely  molten  rock  material  then  the  Porphyritic 
magma-type  is  not,  strictly  speaking,  a  magma-type  at  all.  The  very 
useful  concept  of  the  magma-type  may  be  retained  for  these  rocks,  as 
well  as  the  designation  which  has  been  applied  to  them,  only  if  the  term 
magma  be  regarded  as  including  liquid  with  some  crystals. 

ANALOGOUS  LAVAS  FROM  OTHER  REGIONS 

There  is  a  considerable  body  of  evidence  to  show  that  lavas  analogous 
to  those  belonging  to  the  Porphyritic  Central  magma-type  are  of  wide- 
spread occurrence,  though  perhaps  not  abundant,  and  that  they  have  an 
origin  identical  with  that  deduced  for  the  Mull  representatives.  Em- 
phasis is  to  be  placed  upon  lavas  in  such  a  search  because  the  quenching 
to  which  they  have  been  subjected  upon  extrusion  reveals  their  nature 
prior  to  extrusion,  whereas  in  granular  rocks  the  continued  outgrowth 
of  crystal  boundaries  obscures  the  stages  of  their  development. 

In  Washington's  Tables  of  1917  there  are  33?  superior  analyses  of 
rocks  termed  basalt  by  the  authors  describing  them.  They  are  for  the 
most  part  lavas  but  a  few  are  dikes  of  fine  texture.  This  number  is 
exclusive  of  special  types  such  as  those  termed  nephelite  basalt,  leucite 
basalt,  etc.,  and  also  of  those  containing  more  than  a  small   amount 
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(usually  about  3  or  4  per  cent)  of  normative  nephelite,  leuclte,  etc.  It 
includes,  however,  such  equivalents  of  basalt  as  the  French  "labradorite." 
In  other  words  there  are  335  ordinary  basalts.  A  general  survey  of  these 
shows  that  they  tend  to  contain  normative  plagioclase  of  the  composition 
Ab^Ani.  In  Fig.  40  has  been  plotted  on  the  abscissae  the  percentage  of 
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Fig.  40.     Plot  of  the  normative  plagioclase  composition  of  339  analyzed  "basalts." 

The  number  of  basalts  falling  in  each  5  per  cent  subdivision  is  plotted  at  the 

center   of   the   subdivision. 


anorthite  in  the  normative  plagioclase  and  on  the  ordinates  the  number 
of  basalts  having  normative  plagioclase  of  each  type.  In  order  to  do 
this  it  has  been  necessary  to  divide  the  abscissae  into  parts  representing 
equal  increments  of  anorthite  percentage  and  to  plot  at  the  center  of  each 
division  the  number  of  basalts  falling  in  that  division.  In  the  actual 
diagram  the  plagioclase  series  was  divided  into  parts  representing  a  ?  per 
cent  increase  of  anorthite  and  the  number  of  basalts  lying,  for  example, 
between  42.5"  per  cent  and  47.5'  per  cent  anorthite  in  the  normative  pla- 
gioclase was  plotted  at  45  per  cent  anorthite.  In  this  manner  we  get 
a  diagram  showing  the  general  trend  of  basalts  in  the  matter  of  their 
normative  plagioclase.  The  curve  shows  a  strong  maximum  at  ^'o  per 
cent  anorthite  and  the  number  of  basalts  which  depart  from  this  maxi- 
mum is  decidedly  small.  Thus  less  than  9  per  cent  of  the  total  have 
normative  plagioclase  with  more  than  67.5"  per  cent  anorthite  (about 
Ab,An2)  and  less  than  3  per  cent  of  the  total  have  normative  plagio- 
clase with  more  than  77.';'  per  cent  anorthite  (about  Ab|An.j). 

The  reason  for  the  marked  falling  off  in  the  number  of  basalts  on  the 
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low  anorthite  side  is,  of  course,  the  fact  that,  as  the  plagioclase  changes 
in  that  direction,  the  rock  ordinarily  ceases  to  be  called  basalt.  On  the 
anorthite-rich  side,  however,  the  cause  of  the  falling  off  is  quite  differ- 
ent. It  is,  in  fact,  due  to  the  occurrence  of  only  a  very  limited  number 
of  rocks  of  such  compositions  among  lavas.  The  cause  of  this  limita- 
tion, in  turn,  is  to  be  found  in  the  restricted  composition  of  possible 
liquids  the  evidence  of  which  is  obtained  from  the  petrographic  descrip- 
tion of  the  more  extreme  types.  Apparently  no  basalt  has  even  been 
encountered  which  has  such  a  composition  and  in  which  all  the  plagio- 
clase enters  into  a  fine-grained  fabric.  If  we  may  assume  that  the  canvass 
of  rocks  is  adequate  then  such  rocks  are  "always  porphyritic  in  their 
finer  crystallization"  not  merely  in  Mull  but  elsewhere,  and  the  inevitable 
conclusion  is  that  liquids  of  that  nature  do  not  exist.  Mention  may  be 
made  of  some  of  the  better  known  examples  of  basalts  of  the  chemical 
type  under  discussion.  Curiously  enough,  basalts  from  the  New  Heb- 
rides are  among  the  best  (An  =  78  per  cent.)'-  They  contain  glomeropor- 
phyritic  crystals  of  basic  plagioclase.  The  type  is  well  represented  in 
basalts  of  Madagascar  and  Reunion  (An  as  high  as  76  per  cent)  where 
phenocrysts  of  bytownite  are  present.-  Many  Japanese  lavas  belong 
here  (An  as  high  as  85  per  cent)  and  they  show  phenocrysts  of  bytownite- 
anorthite.^  The  lavas  of  Pelee  exhibit  the  type  (An  =  66  per  cent)  and 
again  they  contain  phenocrysts  of  bytownite.'* 

Among  coarse  granular  rocks  the  type  is  rather  common  and  ex- 
tremes are  attained  in  these  rocks  that  are  never  attained  in  lavas.  As  a 
striking  example  we  may  note  that  under  the  per  calcic  (anorthite-rich) 
rang,  corsase,  there  are  13  deep-seated  rocks,  and  under  the  similar 
kedabekase  20  such  rocks, ^  without  a  single  lava  in  either.  No  evidence 
is  forthcoming  of  the  existence  of  liquids  corresponding  in  composition 
with  these  coarse  granular  rocks;  indeed,  all  the  evidence  is  decidedly 
against  It. 

THE    LIMITATION   OF  THE   PLAGIOCLASE   COMPOSITION   OF 
MAGMATIC    LIQUIDS 

The  most  calcic  composition  of  the  total  plagioclase  of  a  uniformly 
fine-grained  or  aphanitic,  basaltic  rock  appears  to  be  about  AbjAn,.  This 
is  determined  by  examining  the  normative  plagioclase  of  a  large  number 
of  non-porphyritic  basalts.  To  some  investigators  this  method  of  deter- 
mination of  the  nature  of  the  plagioclase  may  appear  to  be  unsatisfac- 
tory, but  a  little  consideration  will  show  that  the  norm  can  err  only  in 

1  D.  Mawson,  "The  Gfolnpy  of  the  New  Hebrides,"  Pror.  Linn.  Snc.  N.S.  Wales,  1905,  pt.  3,  p.  470. 
An  =  78  per  cent  means  tliat  tlie  normative  plaRioclase  is  78  per  cent  anorthite. 

2  A.  I.acroix,  Geology  of  Madai/ascar.   Ill,  pp.  44,   48. 

3  Tsuboi,  JouT.  Coll.  Sci.  Tokyo  Imp.  Univ..  48,  p.  82. 

4  A.   Lacroix,  Mont.  Pelee.  1904,   p.   ?88,  analysis  (f). 
6  Washington's  Tables,  pp.  551,  667. 
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the  direction  of  indicating  plagioclase  more  calcic  than  the  actual  modal 
mineral.  The  only  significant  factor  introducing  a  discrepancy  between 
the  norm  and  the  mode  in  the  matter  of  the  nature  and  quantity  of 
feldspar  is  the  AloO.,  occurring  in  augite.  The  amount  of  this  oxide  so 
occurring  is  calculated  as  anorthite  in  the  norm  and  the  normative 
plagioclase  is  thus  more  calcic  and  more  abundant  than  the  modal 
plagioclase. 

If  the  petrographic  descriptions  of  aphyric  basaltic  rocks  are  examined 
with  tliis  fact  in  mind  there  is  revealed  a  very  general  tendency  to 
overestimate  the  anorthite  content  of  the  plagioclase  as  determined  by 
ordinary  petrographic  methods.  Thus  Washington  describes  the  Deccan 
traps  as  containing  labradorite  of  the  composition  Ab^An,  (determined 
microscopically),  yet  eleven  analyses  indicate  a  normative  plagioclase 
about  AbjAnj^  and  this  can  not  be  less  calcic  than  the  modal  plagio- 
clase. Bowen-  describes  a  diabase  from  Cobalt,  Ontario,  as  containing 
AbgjAnfic-,  but  analysis  shows  that  the  normative  plagioclase  is  notably 
more  sodic.  Two  rocks  of  basaltic  composition  from  the  Brito-Arctic 
region,  the  one  a  dolerite  sill  described  by  Harker,^  the  other  a  flow 
described  by  Holmes,*  are  uniformly  fine-grained  and  their  feldspar  is 
said  to  be  bytownite.  Both  rocks  have  been  analyzed  and  their  normative 
feldspar  is  as  given  under  I  and  II  below. 


I 

II 

III 

sill, 

Flow. 

Major  Intrusion, 

;en  Lee,  Skye 

Iceland 

Eucrite,  Rum 

3-89 

1.1 1 

1.1 1 

16.77 

15.72 

10.48 

31.69 

30.58 

35.58 

Or 

Ab 
An 

It  is  plain  that  the  modal  plagioclase  of  the  two  rocks  referred  to  (I  and 
II)  can  not  have  been  more  calcic  than  Ab^An..  Under  III  is  given  for 
comparison  the  normative  feldspar  of  a  eucrite  from  Rum.^  It  illustrates 
the  much  greater  extent  to  which  enrichment  of  anorthite  in  the  plagio- 
clase may  be  carried  in  a  coarse-granular  major  intrusion,  the  normative 
plagioclase  being  about  Ab^An-, 

The  cause  of  this  apparently  common  tendency  to  overestimate  the 
anorthite  content  of  plagioclase  as  determined  microscopically  is  not 
far  to  seek.  If  the  plagioclase  is  determined  by  the  method  of  maximum 
extinction  in  the  symmetrical  zone  there  is  unquestionably  a  tendency  to 
emphasize  the  most  basic  plagioclase.  Even   if  determined   on   sections 

1  H.  S.  Washington,  Hull.   Gfnl.  Soc.  Amer..  ?,%,   1922,  pp.   769,  775. 

2  N.  L.  Bowen,  Jovr.  Cecl..   18,   1910,  pp.  6?9-6l. 

.3  A.  Marker,  Skye  Memoir,  1904,  p.  248,  Analysis  II,  and  p.  249. 

4  A.  Holmes,  "The  Basaltic  Rocks  of  the  Arctic  Region,"  Min.  Mag.,   1918,   p.   196. 

s  A.  Harker,  "Geology  of  the  Small  Isles,"  Mem.  Geol.  Surv^  Scot.,  1908,  p.  98. 
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showing  a  combination  of  Carlsbad  and  albite  twinning  there  is  a 
tendency,  especially  in  fine-grained  rocks,  to  give  particular  attention 
to  the  sections  of  largest  area.  Should  the  plagioclase  be  zoned  the  outer 
zone  will  not  be  adequately  weighted  on  this  account  for  only  the  sec- 
tions of  small  area  emphasize  the  outer  zones.  To  be  sure  the  larger 
sections  must  be  central  sections  and  should  afford  a  correct  estimate 
of  the  relative  proportions  of  inner  and  outer  zones,  but  it  is  more  than 
probable  that  the  greater  number  of  petrologists  do  not  realize  that  an 
outer  shell  of  a  crystal  requires  to  have  only  about  one-tenth  the  thick- 
ness of  the  whole  crystal  in  order  to  constitute  one-half  the  volume.  A 
drawing  to  scale  is  very  illuminating  on  this  point  and  renders  it  prac- 
tically certain  that  in  ordinary  petrographic  work  there  would  be  a 
tendency  to  underestimate  the  quantitative  importance  of  the  outer 
shells  of  zoned  crystals. 

These  various  factors  working  together  are  sufficient  to  account  for 
a  common  tendency  to  overestimate  the  anorthite  content  in  the  plagio- 
clase of  fine-grained  basaltic  rocks,  a  tendency  which  is  demonstrated 
by  the  comparison  of  the  norm  and  the  mode  of  the  few  examples  just 
given.^ 

We  may  now  repeat  the  opening  statement  of  this  section.  The  most 
calcic  composition  of  the  total  plagioclase  of  a  uniformly  fine-grained 
or  aphanitic,  basaltic  rock  appears  to  be  about  Ab^An,.  The  two  examples 
given  of  such  rocks  in  which  the  plagioclase  has  been  stated  to  be  by- 
townite  constitute  no  exception  to  this  rule.  Indeed,  no  exception  has 
been  found.  A  few  uniform  (aphyric)  basalts  such  as  those  of  New 
Jersey  match  these  two  in  this  respect  but  most  rocks  of  this  character 
fall  far  short  of  them.  Uniformly  coarse-grained  rocks  and  porphyritic 
rocks  may  be  much  more  notably  enriched  in  anorthite.  There  is  thus 
no  escape  from  the  conclusion  that  the  process  of  accumulation  of  crys- 
tals is  not  supplemented  by  significant  remelting  or  re-solution  of  the 
accumulated  crystals.  Rocks  may  show  almost  unlimited  enrichment 
in  anorthite  but  not  so  liquids.  There  are  indeed  no  liquids  correspond- 
ing with  the  extreme  rocks. 

Two  basaltic  magma-types  other  than  the  Porphyritic  Central  magma- 
type  have  been  recognized  by  the  Mull  authors  in  their  area  and  the 
Hebridean  region  in  general.  They  are  the  Non-Porphyritic  Central 
magma-type  already  mentioned  and  the  Plateau  magma-type.  (Mull 
Memoir,  p.  ij*.)  From  the  fact  that  these  have  both  been  cooled  in  some 
instances  to  uniformly  aphanitic  or  glassy  facies  they  are  to  be  recog- 
nized as  having  the  composition  of  actual  liquids.  It  is  of  interest,  there- 

1  A  strikinR  example  has  appeared  since  the  above  was  written.  A  basalt  from  Saint  Helena  is 
described  by  Daly  as  containinR  plagioclase  of  the  composition  Ab-iAnv  though  the  norm  shows 
that  there  must  be  more  albite  than  anorthite.  R.  A.  Daly,  "The  Geology  of  Saint  Helena  Island," 
Vtoc.  Amer.  Acad.  Arts  Sci.,  62,  1927,  pp.  63-5. 
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fore,  to  compare  their  composition  in  the  matter  of  the  nature  and 
quantity  of  feldspar  with  that  of  the  Porphyritic  Central  magma-type. 
This  may  be  done  conveniently  by  calculating  the  normative  feldspar. 
The  results  are  given  in  Table  XI  below  and  the  corresponding  figures 
for  the  Porphyritic  Central  type  are  repeated  for  comparison.  It  will  be 
noted  that  in  the  Plateau  magma-type  the  normative  feldspar  tends  to 
constitute  but  little  more  than  one-half  the  normative  minerals  and 
anorthite  is  a  little  more  than  one-half  the  normative  plagioclase.  The 
Non-Porphyritic  Central  magma-type  likewise  has  about  50  per  cent 
normative  feldspar  but  a  more  important  proportion  of  this  is  now 
orthoclase.  In  addition  the  anorthite  in  the  normative  plagioclase  tends 
to  be  distinctly  less  than  5'0  per  cent.  This  character  is  quite  that  to  be 
expected  in  liquids  formed  by  the  subtraction  of  crystals  from  the  more 
basic  Plateau  magma-type.  Table  XI  as  a  whole  offers  an  excellent  means 
of  contrasting  the  composition  of  the  usual  basaltic  liquids  of  the  He- 
bridean  field  with  that  of  the  basaltic  rocks  (Porphyritic  Central)  of  the 
same  field  which  have  been  enriched  in  accumulated  feldspar  crystals. 

TABLE  XI 

NORMATIVE  FELDSPAR   IN   PLATEAU    MAGMA-TYPE^ 

I  II  III  CD  E 

Total   Feldspar  54.38        55.03         48.64        56.01         52.69         50.47 

%  An  in  Norm.  Plag.  52  56  60  52  58  56 

NORMATIVE    FELDSPAR    IN     NON-PORPHYRITIC    CENTRAL     MAGMA-TYPE^ 

I  III  IV  V 

Total  Feldspar  50.31  55-63  50.76  51.97 

%  An  in  Norm.  Plag.  51  41  42  40 

NORMATIVE    FELDSPAR   IN    PORPHYRITIC    CENTRAL    MAGMA-TYPE^ 

I  A  B  II  III  IV  V 

Total  Feldspar  71.75       78.67       64.29       64.19       60.75       68.39       63.50 

%  An  in  Norm.  Plag.  74  83  80  76  66  72  66 

The  two  basaltic  magma-types  with  nearly  equal  amounts  of  feld- 
spar and  femic  mineral  thus  belong  to  the  liquid  line  of  descent.  They 
are  the  Plateau  type  and  the  Non-Porphyritic  Central  type,  the  former 
being  parental.  In  the  character  noted  they  correspond  with  liquids  lying 
on  the  boundary  curve  of  the  investigated  system,  plagioclase-diopside 
(Fig.  16)  at  points  where  the  plagioclase  is  of  intermediate  composition. 
Like  such  liquids  they  become  saturated  with  both  plagioclase  and  a 
femic  mineral  approximately  simultaneously.  There  is  thus  further 
reason  for  believing  that  these  basalts  correspond  with  liquids  lying 

1  The  Roman  numerals  and  letters  distinguishing  the  rocks  correspond  with  those  used  in  Table  I, 
p.  ij.  Mull  Memoir. 

2  The  Roman  numerals  and  letters  distinguishing  the  rocks  correspond  with  those  used  in  Table  II, 
p.   17,   Mull    Memoir. 

3  The  Roman  numerals  and  letters  distinguishing  the  rocks  correspond  with  those  used  in  Table 
VI,  p.  24,  Mull  Memoir. 
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along  a  boundary  surface  in  the  natural  system  of  more  components, 
especially  when  it  is  found  that  rocks  which  depart  from  this  balanced 
proportion  do  so  in  virtue  of  the  presence  of  an  excess  of  one  phase  as 
phenocrysts  (Porphyritic  magma-type).  We  shall  find  that  when  basaltic 
types  depart  from  this  balanced  proportion  in  other  directions  they  do  so 
in  virtue  of  the  presence  of  an  excess  of  other  phases  as  phenocrysts. 

There  is  a  very  distinct  tendency  for  plateau  basalts  in  general  to  show 
the  same  character  as  the  plateau  basalts  of  the  Hebrides.  The  total 
normative  feldspar  is  approximately  one-half  the  rock  and  this 
feldspar  is  approximately  one-half  anorthite.^  The  Hebridean  pla- 
teau basalts  seem  to  be  somewhat  more  basic  than  the  general  run 
of  such  basalts  but  of  this  fact  we  can  not  be  altogether  assured,  for 
in  no  place  have  detailed  studies  of  basaltic  complexes  been  prosecuted 
as  they  have  in  the  Hebrides.  It  is  these  detailed  studies  that  have  there 
permitted  the  separation  of  the  lavas  of  central  eruptions  from  the 
(usually  more  basic)  plateau  types. 

Corresponding  with  its  basic  character  the  Hebridean  Plateau  magma- 
type  precipitated  olivine  among  its  early  minerals.  On  page  77  it  has 
been  shown  that  the  best  means  of  derivation  of  the  Non-Porphyritic 
magma-type  from  the  Plateau  magma-type  is  the  separation  of  olivine 
and  basic  plagioclase.  The  derived  magma  and  the  crystal  assemblage 
(olivine  -\-  plagioclase)  are  complementary  products  of  the  process 
of  crystal  accuviulation  at  this  stage.  In  some  instances  the  accumula- 
tion has  taken  place  under  conditions  permitting  a  sorting  of  the  crystals 
and  rocks  rich  in  basic  plagioclase  have  arisen,  whose  origin  and  char- 
acter have  just  been  discussed.  Their  existence  suggests  the  presence 
of  rocks  enriched  in  olivine,  rocks  which  are  complementary  to  the  plagio- 
clase-enriched  rocks  in  the  process  of  crystal  sorting  at  this  stage.  Such 
rocks  are  abundantly  represented  in  the  Hebrides  and  to  them  attention 
is  now  directed. 

ULTRABASIC   TYPES   OF    THE    HEBRIDES 

Rocks  of  the  varieties  known  as  ultrabasic  are  of  much  importance  in 
the  intrusive  centers  of  the  Hebrides.  In  Skye  and  in  Rum  they  are  found 
most  abundantly  developed  and  there  they  have  received  detailed 
study  especially  by  Harker.  In  Mull  ultrabasic  rocks  are  not  prominent 
and,  although  representative  specimens  of  a  wide  range  of  ultrabasic 
types  can  be  obtained,  the  masses  from  which  they  come  are  local 
variants  of  gabbro  rather  than  independent  geologic  units.  In  Skye,  on 
the  other  hand,  such  rocks  occur  both  as  great  masses  constituting  parts 
of  the  composite  laccolith  of  the  Cuillins  and  also  as  dikes.  We  shall 

]  H.  S.  Washington,  "Deccan  Traps  and  Other  Plateau  Basalts,"  Bull.  Geol.  Soc.  Amer.,  33,    1922, 
pp.  765-804. 
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consider  these  rocks  with  s[)ecial  reference  to  their  occurrence  in  Skye. 

In  some  measure  ultnibasic  rocks  have  already  been  discussed.  The 
analyzed  gabbro  of  the  Cuillin  laccolith,  containing  nearly  80  per  cent 
of  plagioclase  of  the  composition  Ab^An^,  is  preferably  to  be  regarded 
as  an  ultrabasic  rock.  In  the  magma-type  classification  proposed  by  the 
Mull  authors  it  falls  under  the  Porphyritic  Central.  Rocks  of  this  magma- 
type  have  been  formed,  according  to  our  deductions,  by  accumulation  of 
basic  plagioclase  crystals  which  have  not  suffered  signiticant  remelting. 
Extreme  examples,  such  as  the  Skye  gabbro  just  mentioned,  have  cer- 
tainly no  effusive  equivalents  and  possibly  no  dike  equivalents. 

It  has  been  pointed  out  that  during  the  separation  of  basic  plagioclase 
other  crystals,  principally  olivine,  were  separating  as  well.  There  is  thus 
a  possibility  of  the  formation  of  olivine-rich  rocks  by  a  similar  process 
of  accumulation.  With  the  growing  appreciation  of  the  strength  of  the 
hypothesis  of  crystallization-differentiation  an  increasing  number  of 
petrologists  have  signified  their  belief  in  the  probability  that  rocks  rich 
in  early-crystallizing  minerals  have  been  formed  by  local  accumulation 
of  the  substance  of  these  minerals.  There  has  also  been  a  greater  leaning 
toward  the  concept  that  the  material  of  these  rocks  has  accumulated  as 
actual  crystals.  I'he  great  majority  of  those  who  have  gone  thus  far 
have  made  the  additional  assumption  that  the  accumulated  crystals 
have  been  redissolved  or  remelted  and  that  liquids  of  extreme  composi- 
tion have  thus  come  into  being.  The  evidence  appears  to  be  decidedly 
against  this  latter  assumption  for  rocks  rich  in  basic  plagioclase.  We 
shall  now  give  some  consideration  to  the  evidence  in  the  case  of  olivine- 
rich  rocks. 

The  larger  laccolithic  masses  of  peridotite  in  Skye  are  made  up  of 
typical,  coarse-granular  rocks  including  dunite  and  various  other  types 
less  rich  in  olivine.  These  laccolithic  masses  are  usually  so  involved  with 
later  gabbro  that  at  only  two  or  three  places  do  they  have  intrusive 
contacts  with  older  rocks  and  these  are  such  that  they  do  not  give  clear 
evidence  of  the  nature  of  their  chilled  facies.  In  addition  to  the  larger 
masses  there  occur  dikes  and,  much  less  abundantly,  sills  of  peridotite 
and  to  these  we  may  turn  with  some  hope  of  finding  evidence  as  to  the 
nature  of  the  peridotitic  material  at  the  time  of  its  intrusion.  A  picrite 
sill  on  the  adjacent  small  Island  of  Soay  has,  locally  at  least,  suffered 
quick  chilling.  Harker  describes  and  illustrates  this  rock  and  his  illus- 
tration is  here  reproduced  in  Fig.  41.  In  the  description  he  states  "The 
porphyritic  elements  are  olivine  and  picotite.  These  recur  also  in  a 
second  generation,  but  the  bulk  of  the  groundmass  is  of  slender  rods 
of  felspar  with  sub-parallel  arrangement  and  interstitial  augite,  the 
structure  recalling  that  of  some  variolitic  basalts."^  It  is  not  reasonably 

1  skye  Memoir,  p.  470,  plate  XXVI,  Fig.  1. 
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to  be  supposed  that  the  large  olivine  crystals  of  this  rock  were  formed 
under  the  same  conditions  as  a  groundmass  which  is  but  a  step  removed 
from  the  spherulitic  state  of  crystallization.  Mere  priority  of  crystalli- 
zation, with  the  attendant  greater  freedom  of  growth,  might  perhaps  be 


Fig.  41.     Thin  section  of  picrite  sill  from  Island  of  Soay  (after  Harker)  showing 
large  olivines  in  variolite-like  groundmass  of  feldspar  and  augite. 

assumed  to  give  the  olivines  some  slight  advantage  in  size,  but  no 
such  contrast  as  is  here  displayed  can  be  referred  to  such  a  cause. 
Plainly  the  groundmass  was  the  only  portion  of  the  rock  that  was  liquid 
when  it  was  finally  chilled  on  intrusion.  This  fact  does  not  in  itself 
prove  that  the  olivine  was  not,  at  some  earlier  time,  entirely  in  solution 
in  that  liquid,  but  if  we  examine  a  large  number  of  similar  chilled  types, 
and  if  we  find  that  invariably  the  same  relation  obtains,  we  may  have 
much  confidence  in  the  conclusion  that  olivine,  in  the  quantity  there 
shown,  was  never  in  solution  in  the  liquid  now  represented  by  ground- 
mass.  In  other  words  if  we  find  that,  under  no  circumstances,  has  a  rock 
of  peridotitic  composition  been  chilled  in  such  a  way  that  all  of  its 
olivine  enters  into  a  fine-grained  groundmass  but,  on  the  contrary,  do 
find  that,  when  such  rocks  are  quickly  chilled,  most  of  the  olivine  is  in 
large  crystals  strongl)^  contrasted  with  the  groundmass  in  grain,  and  of 
course  in  composition,  then  we  may  safely  conclude  that  there  was  no 
liquid  corresponding  with  the  peridotite  in  bulk  composition. 

With  these  questions  in  mind,  a  study  of  the  peridotite  dikes  of  Skye 
has  been  made  in  order  to  supplement  the  information  set  forth  by 
Harker.  Dr.  Harker  has  facilitated  the  study  in  every  way,  especially 
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by  acting  as  guide  to  the  promising  localities  during  two  visits  to  Skye 
and  by  much  helpful  discussion.  The  description  of  these  dikes  now  to  be 
given  is  based  largely  on  Marker's  original  work  but  partly  on  these 
recent  examinations. 

PERIDOTITE  DIKES  OF   SKYE 

The  peridotite  dikes  of  Syke  are  very  conspicuous  in  the  field  because  of 
their  distinctive,  red-weathered  surface.  This  color  arises  from  the 
weathering  of  olivine  and  is  notable  even  in  those  examples  that  are  too 
poor  in  olivine  to  be  called  peridotite  in  the  stricter  sense.  As  is  in  some 
measure  implied  in  the  foregoing  statement  the  dikes  show  a  consider- 
able range  of  composition.  There  is  not  only  a  variation  of  composition 
from  one  dike  to  another  but  also  a  variation  from  place  to  place  in  an 
individual  dike.  Specimens  of  dunite  are  to  be  had  and  some  of  the 
dikes  are  olivine  gabbro  rather  than  peridotite,  but  the  great  bulk  is 
picrite,  to  use  the  term  in  the  sense  adhered  to  by  Harker  in  his  memoir. 
They  tend  to  contain  40  to  50  per  cent  of  olivine,  the  rest  of  the  rock 
being  made  up  of  basic  plagioclase  and  augite  with  minor  quantities  of 
accessories,  principally  picotite. 

A  feature  of  the  dikes  to  which  attention  is  particularly  directed  is 
their  width.  Although  dikes  and  sheets  of  basaltic  composition  in  the 
same  surroundings  may  vary  in  width  from  many  feet  down  to  an  inch 
or  less  the  typically  peridotitic  dikes  are  nearly  always  wide,  averaging 
perhaps  15  to  20  feet  and  often  attaining  40  feet.  One  dike,  only  a  foot 
wide,  on  the  south  slope  of  Sgurr  nan  Gobhar  contains  nearly  50  per 
cent  olivine,  if  the  single  specimen  taken  can  be  regarded  as  representa- 
tive, but  it  is  seen  to  outcrop  for  only  a  few  yards.  It  is  probably  an 
offshoot  of  one  of  the  adjacent  larger  dikes  and  of  no  great  extension. 
The  larger  peridotite  dikes  are  very  persistent.  A  single  dike  may  some- 
time be  traced,  outcropping  continuously  through  a  vertical  range  of 
1500  feet  or  more  and  a  horizontal  distance  of  a  mile.  When  small  dikes 
of  this  suite  are  similarly  persistent  they  contain  distinctly  less  olivine 
than  the  larger  dikes.  Examples  of  such  dikes,  a  foot  wide  or  even  con- 
siderably less,  are  to  be  seen  in  Coire  Labain,  crossing  the  floor  of  the 
corrie  and  mounting  the  walls  on  either  side.  Petrographic  examination 
shows  that  their  content  of  olivine  is  not  more  than  about  25  per  cent. 

The  tendencies  displayed  by  these  dikes  strongly  suggest  that  perido- 
tite freely  forms  only  wide  dikes,  the  more  so  as  the  proportion  of  olivine 
in  it  increases.  In  this  we  may  see  some  indication  of  the  condition  of  the 
material  as  intruded. 

Another  feature  of  the  peridotite  dikes  as  displayed  in  the  CulUins 
is  the  radiate  arrangement  to  which  Harker  calls  attention.  The  center 
is  in  the  heart  of  the  mountains,  about  where  the  laccolithic  mass  of 
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Fig.  42.  sketch  map  of  part  of  Isle  of  Skye  showing  some  of  the  peridotlte  dykes 
with  their  general  radiate  arrangement  (from  Marker's  maps).  T  =  Torridon 
sandstone ;  B  =  Tertiary  basaltic  complex ;  P  =^  peridotite ;  G  =  gabbro ;  R  = 

granite. 
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ultrabasic  rocks  occurs,  and  from  this  the  dikes  diverge  northward, 
westward  and  southward  with  all  intermediate  directions  (see  Fig.  42). 
There  is  a  very  distinct  tendency  for  the  more  extreme  types  to  occur 
only  close  in  toward  the  center  and  for  those  dikes  which  are  found  far 
out  to  show  only  moderate  enrichment  in  olivine.  This,  like  the  contrast 
between  large  and  small  dikes,  may  be  connected  with  the  condition  of 
the  dike-substance  as  intruded. 

Another  feature  of  the  dikes  of  importance  in  this  respect  is  a  very 
notable  general  tendency  to  a  xenolithic  character. 

MARGINS    OF    THE    PERIDOTITE    DIKES 

It  is,  however,  to  the  margins  of  the  dikes  that  we  must  turn  for  more 
decisive  evidence  of  the  condition  of  peridotite  as  intruded.  Several 
samples  of  marginal  portions  were  taken,  some  of  them  such  that  a 
single  slice  could  be  cut  showing  both  dike  and  wall  rock.  Three  differ- 
ent types  of  selvage  were  observed. 

i.The  selvage  has  a  fine-grained  matrix  of  augite  and  plagioclase, 
with  perhaps  a  little  olivine,  in  which  lie  more  or  less  abundant 
olivine  phenocryffts  and  sometimes  phenocrysts  of  basic  plagioclase. 

2.  The  selvage  is  a  fine-grained  rock  made  up  of  augite  and  plagioclase 
without  olivine  and  thus  very  different  from  the  main  body  of  the 
dike  in  composition. 

3.  In  one  example  in  which  the  dike  had  a  porphyritic  character  even 
in  the  central  portions,  containing  large  crystals  of  olivine  and 
plagioclase  in  a  dolerite-like  groundmass,  the  texture  of  the  dike  did 
not  change  materially  as  the  margin  was  approached  but,  at  the 
immediate  contact,  crystals  of  both  the  peridotite  (picrite)  and  the 
adjacent  gabbro  were  bent,  fractured,  or  even  granulated.  This 
condition  probably  obtains  only  locally  in  any  dike.  It  is  probable 
that  other  portions  of  the  margin  of  the  same  dike  would  show  an 
effect  like  1  or  2,  but  this  has  not  been  proved. 

The  marginal  changes  described  under  1  and  2  are  really  variants  of 
the  same  thing,  for  the  amount  of  olivine  in  the  marginal  phase  is  ordi- 
narily distinctly  less  than  that  in  the  central  part  of  the  dike.  An  addi- 
tional change,  occurring  in  both  cases,  is  in  the  nature  of  the  plagioclase. 
Marker  has  found  that  the  plagioclase  of  the  typical,  coarse-granular, 
wider  peridotite  dikes  is  usually  a  bytownite-anorthite,  a  fact  which  has 
been  confirmed  by  measuring  refractive  indices  in  immersion  liquids. 
Similar  measurements  on  the  plagioclase  of  the  fine-grained  marginal 
material  of  the  larger  dikes,  when  fresh,  and  of  the  general  material  of 
the  smaller  dikes  of  peridotitic  affinities  show  that  it  is  much  less  calcic. 
The  cores  of  the  crystals  may  attain  such  high  anorthite  content  but  the 
outer  zones  are  always  much  higher  in  albite  and  actually  greater  in 
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amount.  Some  of  the  observations  on  which  these  statements  are  based 
may  now  be  detailed. 

PETROGRAPHY    OF   INDIVIDUAL    PERIDOTITE   DIKES    OF    SKYE 

The  peridotite  dike  which  is  seen  from  Glen  Brittle  as  a  red  gash  on 
the  west  spur  of  Sgurr  nan  Gobhar  is  apparently  typical  and  will  there- 
fore be  described  somewhat  fully.  Its  wall  rock  is  principally  gabbro 
and  where  it  first  appears  above  the  scree  on  the  lower  slopes  it  has  a 
width  of  nearly  40  feet.  Here,  as  elsewhere,  it  is  made  up  of  olivine, 
bytownite-anorthite  and  augite,  with  a  little  picotite.  All  the  principal 
minerals  are  of  roughly  equal  dimensions,  average  diameters  being 
about  2  mm.  Plagioclase  and  augite  tend  to  occur  as  a  groundmass  for 
the  more  nearly  idiomorphic  crystals  of  olivine.  The  plagioclase  has  the 
composition  about  AbigAn^^.  A  slight  zoning  is  sometimes  observed  but 
it  is  apparently  not  of  significant  magnitude.  At  the  lowest  outcrop 
olivine  makes  up  approximately  70  per  cent  of  the  dike  with  the  remain- 
der divided  about  equally  between  plagioclase  and  augite.  The  rock  is  not, 
however,  uniformly  so  rich  in  olivine  and,  as  the  hill  is  ascended,  speci- 
mens are  obtained  with  decidedly  less  olivine.  There  is,  in  fact,  a  more 
or  less  regular  decrease  in  the  proportion  of  olivine  with  increasing  ele- 
vation, accompanied  by  a  like  increase  in  plagioclase,  with  augite  remain- 
ing approximately  constant.  Thus  at  the  summit  of  Gobhar  the  propor- 
tions are  20-25  per  cent  olivine,  15-20  per  cent  augite  and  55-65  per 
cent  plagioclase,  which  is  still  the  same  very  calcic  member.  Though  the 
change  in  the  dike  is  in  the  direction  that  would  be  expected  from  a 
gravitative  effect  during  crystallization  it  probably  only  happens  to  be  so. 

Only  one  specimen  of  the  contact  of  this  dike  was  obtained.  This  is 
much  altered  but  still  reveals  the  original  character  fairly  well.  It  for- 
merly had  about  35  per  cent  of  olivine  as  phenocrysts  with  approximately 
the  same  dimensions  as  the  olivine  of  the  center  of  the  dike.  These  are 
now  largely  changed  to  serpentine  or  sometimes  to  talc,  but  remnants 
of  unchanged  olivine  are  found.  The  change  to  talc  is  noteworthy  as 
being  a  rather  general  tendency  in  the  contact  facies  of  these  dikes.  The 
remainder  of  the  contact  rock  is  altered  considerably  but  it  was  made 
up  of  plagioclase  and  augite  in  about  equal  amounts.  The  plagioclase 
is  now  entirely  altered  but  the  augite  is  for  the  most  part  unchanged. 
This  conspicuous  dike  on  the  face  of  Gobhar  is  much  narrower  above 
than  below  and  where  last  seen  is  only  about  6  feet  wide.  Here  it  appears 
to  end  abruptly  but  shortly  before  its  termination  another  parallel  dike 
comes  in  a  few  feet  to  the  south  and  this  continues  eastward  on  the  same 
general  line  of  strike.  Where  this  parallel  dike  first  appears  it  is  much 
like  the  olivine-rich  portions  of  its  fellow  just  described.  The  olivine 
makes  up  about  60  per  cent,  with  plagioclase  and  augite  each  about  20 
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per  cent.  The  rock  is  of  even  fabric,  each  constituent  attaining  dimen- 
sions of  about  2  mm.  There  is  as  usual  some  brown  translucent  picotite 
but  there  is  also  a  black,  opaque  ore  mineral. 

The  contact  of  this  dike,  at  least  at  the  place  where  specimens  were 
taken,  is  of  an  entirely  diiferent  nature.  At  about  six  inches  from  the 
contact  it  has  only  20  per  cent  of  olivine,  mostly  in  large  grains  averag- 
ing 1.5  mm  but  often  attaining  3  mm  in  diameter.  There  are  also  some 
much  smaller  olivines  but  even  these  are  somewhat  set  off  from  the 
groundmass.  Picotite  grains  are  again  fairly  common.  Of  somewhat 
lesser  dimensions  than  the  olivine  are  some  large  crystals  of  basic  pla- 
gioclase  which  have  broad  interior  areas  of  the  uniform  composition 
Abj^An^  but  also  outer  zones  of  the  composition  Abj^Ang  or  even  some- 
what more  albitic.  These  porphyritic  elements  are  set  in  a  doleritic  mass 
of  plagioclase  and  augite  of  distinctly  contrasted  grain. 

Closer  to  the  contact  both  the  olivine  and  the  large  basic  plagioclases 
become  distinctly  less  abundant  but  not  notably  smaller  and  the  ground- 
mass  acquires  a  finer  grain.  At  the  contact  there  are  no  porphyritic  ele- 
ments at  all.  The  rock  is  made  up  entirely  of  very  fine-grained  dolerite 
without  olivine.  1'here  is  thus  in  this  dike  a  progressive  though  rapid 
change  close  to  the  contact.  The  central  part,  which  is  rich  in  olivine  and 
has  very  basic  plagioclase,  changes  to  a  rock  in  which  these  constituents 
appear  as  porphyritic  elements  in  a  doleritic  groundmass.  The  propor- 
tion of  groundmass  increases  and  its  grain  becomes  increasingly  finer 
until  at  the  contact,  and  within  ^  inch  of  it,  the  rock  is  a  plain  d.ilerite 
lacking  olivine  and  very  basic  plagioclase. 

In  Coir'  a'  Ghreadaidh  there  is  a  large  dike  of  peridotite  which  has 
been  split  by  another  smaller  dike.  Their  character  and  relations  have 
been  described  in  detail  by  Harker  (p.  379).  The  smaller  dike  is,  in 
accordance  with  the  general  tendency  of  small  dikes,  not  notably  rich  in 
olivine.  The  larger  dike  is  rather  typical  of  the  average  olivine-rich 
wider  dikes.  However,  it  differs  somewhat  in  texture  from  many  of  the 
wide  dikes,  among  them  the  Sgurr  nan  Gobhar  dike  already  described. 
There  is  a  tendency  for  augite  and  plagioclase,  ophitically  intergrown, 
to  be  of  appreciably  though  not  markedly  finer  grain  than  the  olivines, 
whereas  in  the  Gobhar  dike  all  constituents  are  of  approximately  equal 
grain,  or  at  times,  indeed,  large  plagioclase  crystals  may  poikilitically 
enclose  two  or  three  olivines.  These  plagioclase  crystals  are,  as  we  have 
noted,  a  bytownite-anorthite  and  in  the  matter  of  being  thoroughly  ultra- 
basic  both  in  the  quantity  of  olivine  and  the  nature  of  the  plagioclase 
the  Gobhar  dike  is  to  be  regarded  as  the  more  typical.  An  analysis  of 
the  Gobhar  dike  or  another  of  similar  character  would  thus  be  desirable 
in  order  to  elucidate  the  chemical  character  of  the  more  typically 
ultrabasic    dikes.    Unfortunately,    however,    both    the    olivine    and    the 
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plagioclase,  at  least  in  the  specimens  collected,  are  somewhat  altered 
and  it  was  doubted  whether  analysis  would  give  an  adequate  idea  of 
the  original  character. 

The  Coir'  a'  Ghreadaidh  dike  is,  however,  relatively  fresh  and  for 
this  reason  was  chosen  for  analysis  though  the  petrographic  examination 
indicated  that  the  plagioclase  was  not  the  very  basic  variety  of  the  more 
thoroughly  ultrabasic  types,  a  fact  which  the  analysis  confirms.  The 
analysis  given  under  I,  Table  XII,  was  made  by  Miss  Mary  Keyes,  to 
whom  thanks  are  here  expressed.  The  nlineral  composition  is  so  simple 
that  the  norm  unquestionably  represents  very  closely  the  actual  modal 
character.  There  is  about  ^^  per  cent  normative  olivine  and  25'  per  cent 
normative  feldspar  which  is  approximately  AbjAn^.  In  quantity  of 
olivine  it  may  be  taken  as  representative  of  the  general  average  of  the 
peridotites.  Many  of  them  and  possibly  most  of  them  have  notably  more 
basic  plagioclase. 

A  peridotite  dike  near  the  summit  of  Sgurr  na  Banachdich  is,  at  the 
point  where  it  was  examined,  made  up  of  about  80  per  cent  of  olivine 
and  a  little  picotite  with  a  groundmass  of  plagioclase  and  augite.  The 
olivines  average  from  2  to  3  mm  in  diameter  and,  in  spite  of  their  very 
large  proportion,  have  uniformly  a  remarkable  tendency  to  idiomorphism. 
The  groundmass  of  plagioclase  and  augite  is  of  much  finer  grain  and  of 
a  diabasic  texture.  The  dike  is  notably  variable  in  composition  and  is 
almost  certainly  the  same  dike  sampled  by  Harker,  to  whom  it  yielded 
a  specimen  consisting  almost  entirely  of  olivine  mainly  in  large  crystals 
of  parallel  orientation  which  gave  it  a  platy  fracture  (p.  378).  It  was 
thus  like  a  specimen  obtained  from  a  dike  in  Coire  Labain,  shortly  to 
be  described. 

The  striking  tendency  towards  idiomorphism  of  all  the  olivines 
in  a  specimen  with  as  much  as  80  per  cent  of  that  mineral  is  a  matter 
of  some  importance.^  If  these  crystals  experienced  their  full  growth  in 
a  mixture  containing  80  per  cent  of  olivine  there  would  have  been  so 
much  mutual  interference  of  outline  long  before  they  attained  full  size 
that  they  could  have  retained  but  little  suggestion  of  their  idiomorphic 
outlines.  On  the  other  hand,  if  they  grew  in  a  mass  where  they  were  more 
widely  spaced  in  a  liquid  medium  and  were  afterwards  brought  close 
together  as  a  result  of  the  draining-off  or  squeezing-out  of  the  liquid, 
the  observed  structure  might  result.  The  structure  may  be  taken  as 
evidence  that  such  action  has  probably  occurred. 

The  Banachdich  dike  has  a  chilled  selvage  against  the  adjacent 
gabbro  and  one  fine-grained  stringer  about  1  inch  in  width  was  found 
running  off  into  the  gabbro.  The  same  fine-grained  material  occurs  also 

1  This  feature  of  the  rock  was  called  to  my  attention  by  my  colleague,  Dr.  H.  E.  Merwin,  who 
was  uninfluenced  by  any  theory  of  the  origin. 
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as  the  matrix  of  a  narrow  zone  of  breccia  locally  along  the  contact.  The 
fine-grained  facies,  while  somewhat  variable,  is  of  the  same  general 
character  throughout.  It  never  contains  more  than  about  35  per  cent 
of  olivine,  which  amount  is  found  in  the  general  chilled  border,  and 
here  the  olivines  are  from  2  to  3  mm  in  diameter  as  they  are  in  the 
general  mass  of  the  dike.  They  are  accompanied  by  a  few  picotites,  also 
relatively  large,  and  are  set  in  a  fine  dolerite-like  groundmass  of  plagio- 
clase  and  augite  which  is  increasingly  finer  as  the  contact  is  approached 
whereas  olivines  or  picotites  of  full  dimensions  may  lie  right  against 
a  crystal  of  the  adjacent  gabbro. 

Little  tongues  from  this  material  form  the  matrix  of  the  contact 
breccia.  Small  picotites  have  been  carried  into  the  smallest  of  these  but 
only  occasional  olivines  have  been  carried  in  and  then  only  into  the 
larger  seams. 


TABLE 

XII 

ANALYSES   OF 

PERIDOTITES   OF   SKYE 

I 

II 

III 

SiO. 

40.90 

43-30 

44.61 

AUO3 

7.56 

12.71 

10.86 

Fe.O:; 

3-01 

2.35 

2.31 

FeO 

7-31 

7.60 

7.46 

MgO 

29.63 

14.65 

21.06 

CaO 

5.40 

10.50 

9.01 

Na.O 

0.98 

0.96 

1.15 

K2O 

0.37 

0.22 

0.19 

H2O  + 

2.98 

4.27 

1.17 

H2O  — 

0.13 

0.33 

0.05 

Ti02 

1.70 

2.44 

2.25 

P2O5 

0.10 

0.11 

0.10 

CrsOn 

0.11 

0.08 

sl.tr. 

MnO 

0.34 

0.19 

0.16 

100.52  99.71  100.38 

I — Peridotitc  dike.  Coir'  a'  Ghreadaidh,  Isle  of  Skye.   M.  G.  Keyes  anal. 

II — olivine   dolerite   seam.   Apophysis   from   peridotite   dike,   Sgurr   na    Banachdich,    Isle   of   Skye. 

M.  G.  Keyes  anal. 

Ill — Picrite-dolcrite  dike,  Coire  Labain,  Isle  of  Skye.   M.  G.   Keyes  anal. 

The  seam  1  inch  wide  which  traverses  the  gabbro  for  several  feet 
has  only  about  1  ^  per  cent  of  olivine,  which  occurs  as  phenocrysts  now 
largely  serpentinized,  and  a  little  plcotite,  also  relatively  large.  These 
are  unevenly  distributed,  having  a  tendency  to  be  concentrated  in  bands. 
The  groundmass  is  again  doleritic,  but  like  the  phenocrysts  has  suffered 
alteration.  As  illustrative  of  the  composition  of  this  seam  (and  the  fine- 
grained selvage  of  the  main  dike)  a  specimen  of  it  was  analyzed.  Un- 
fortunately this  fine-grained  material  is  always  much  altered  so  that 
the  analyses,  while  adequately  reflecting  the  general  character  can  not 
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be  relied  upon  to  give  the  accurate  mineral  composition.  The  analysis 
is  given  under  II  in  Table  XII.  It  shows  about  4.^  per  cent  H^O.  Calcu- 
lation of  the  norm  gives  about  16  per  cent  olivine,  which  corresponds 
with  the  amount  actually  observed  as  phenocrysts.  The  normative  feld- 
spar is  somewhat  less  than  40  per  cent  and  of  the  composition  Ab,An.,. 
It  may  be  doubted  whether  the  feldspar  was  as  basic  as  is  indicated  by 
calculation  from  this  altered  material,  especially  in  the  Hcht  of  what 
has  already  been  found  concerning  the  limitation  of  the  feldspar  com- 
position in  aphanites.  Examination  of  the  feldspar  in  the  powdered  rock 
shows  that  the  highest  value  of  y  in  fresh  grains  is  1.572.  This  ap- 
proaches the  value  for  Ab^An3,  to  be  sure,  but  it  refers  to  the  most  basic 
plagioclase  present.  Other  grains  considerably  less  basic  are  present  but 
it  was  impossible  to  estimate  proportions.  An  accurate  determination  of 
the  nature  of  the  feldspar  of  this  aphanitic  groundmass  thus  appears 
to  be  impossible  but,  if  the  feldspar  really  was  as  basic  as  is  indicated 
by  calculation  from  the  analysis,  it  is  the  most  basic  feldspar  yet  found 
in  an  aphanite. 

Waters  has  described  interesting  examples  of  lamprophyres  with 
small  apophyses  whose  character  is  such  as  to  indicate  a  strong  filtra- 
tion effect  during  intrusion  into  the  narrow  seams.  He  says:  "In  the 
field  several  apophyses  about  2  inches  wide  can  be  noticed  to  vary  in 
a  few  feet  from  a  very  black  basic  rock  to  stringers  of  a  light-gray  shade 
containing  hardly  any  mafics."'^ 

A  dike  which  is  traversed  at  about  2500  feet  elevation  in  ascending 
the  west  spur  of  Sgurr  Dearg  has  the  general  average  character  of  the 
peridotites.  It  shows  a  fine-grained  contact  facies.  This  selvage  has 
phenocrysts  of  olivine  averaging  2  mm  and  attaining  even  5  mm 
diameters  in  direct  contact  with  the  adjacent  gabbro  and  making  up 
35  to  40  per  cent  of  the  whole  rock.  These  are  embedded  in  a  fine- 
grained groundmass  of  a  doleritic  character  which  is  still  resolvable 
at  1  cm  from  the  contact  but  at  the  contact  is  too  fine  for  resolution  by 
the  microscope.  Where  coarse  enough  to  be  determinable  it  is  seen  that 
there  is  no  olivine  in  the  groundmass.  It  is  made  up  of  plagioclase  and 
augite.  Another  specimen  of  the  contact  of  this  dike  contains  basic 
plagioclase  as  well  as  olivine  among  the  porphyritic  elements.  The 
plagioclase  is  in  crystals  of  about  the  same  dimensions  as  olivine  but  is 
distinctly  less  abundant.  It  occasionally  occurs  in  glomero-porphyritic 
groupings  with  olivine. 

Other  dikes  of  this  group  on  the  same  spur  of  Sgurr  Dearg  at  lower 
elevations  tend  to  run  rather  low  in  olivine.  About  2^  per  cent  appears 
to  be  the  prevalent  amount  and  this  is  divided  into  two  approximately 
equal  amounts,  one  of  which  occurs  as  large  crystals  (2  to  3  mm)  and 

1  Aaron  Waters,  Jour.  GeoL,  35,   1927,  p.  167. 
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the  other  as  smaller  crystals  (0.2  mm).  The  main  mass  of  the  rock  is  of 
plagioclase  and  augite  in  doleritic  structure  the  general  grain  of  which 
approximates  that  of  the  smaller  olivines.  The  plagioclase  is  very 
strongly  zoned.  There  is  a  very  notable  tendency  in  these  dikes  for  the 
large  olivines  to  be  shattered  and  for  many  of  the  plagioclase  crystals 
to  be  bent  or  even  broken  across. 

A  dike  20  feet  wide,  high  up  on  the  north  wall  of  Coire  Labain, 
afforded  the  only  specimen  of  dunite  that  was  obtained,  though,  as 
already  noted,  Harker  obtained  dunite  from  the  Banachdich  dike  already 
described.  A  laminated  structure  is  seen  even  in  the  hand  specimen  from 
Coire  Labain.  Olivine  to  the  extent  of  97  to  98  per  cent,  a  black  opaque 
ore  mineral,  and  excessively  rare  interstitial  grains  of  plagioclase  and 
augite  make  up  the  rock.  The  laminar  effect  is  found  under  the  microscope 
to  be  produced  by  a  parallel  arrangement  of  elongated  blades  of  olivine 
up  to  5  mm  long  and  Y2  to  1  mm  wide.  The  elongation  of  these  is 
always  y  and  the  long  edges,  though  very  irregular,  have  the  general 
direction  of  the  trace  of  the  best  cleavage  surface  of  olivine  (oio). 
There  are  many  shorter  olivines  similarly  oriented  and  the  rest  of  the 
rock  is  made  up  of  rounded  grains  which  interlock  with  each  other  and 
with  the  larger  elongated  grains.  The  structure  is  hardly  to  be  regarded 
as  porphyritic.  The  rock  is  rather  a  granulated  one.  The  elongated 
blades  of  olivine  have  been  produced  from  larger  crystals  by  a  shearing 
break  along  the  plane  of  the  best  cleavage;  indeed,  occasionally,  two 
or  three  adjacent  blades  can  be  fitted  together,  the  protuberances  of  one 
with  the  embayments  of  its  neighbor.  The  whole  structure  is  such  as 
might  have  been  produced  by  the  enforced  flowage  of  a  completely 
crystalline  portion  carried  along  during  the  act  of  intrusion  of  one  of 
these  peridotite  dikes.  It  was  not  suspected  in  the  field  that  this  speci- 
men would  prove  so  unusually  rich  in  olivine,  so  that  the  question  of  the 
variability  of  the  mass  laterally  and  vertically  was  not  investigated. 
From  the  general  prevalence  of  variability  in  these  dikes  it  must  be 
regarded  as  probable  that  such  extreme  richness  in  olivine  obtains  only 
locally.  It  is  a  noteworthy  fact  that  fissility  is  a  very  common  character 
of  Hebridean  peridotites  where  they  approach  dunite  in  composition.^ 

The  smaller  dikes  of  peridotitic  affinities  have  the  same  general 
characters  as  the  chilled  selvages  of  the  larger  dikes.  They  contain 
phenocrysts  of  olivine  averaging  2  or  3  mm  in  diameter,  but  sometimes 
attaining  5  mm,  in  a  fine-grained  dolerite-like  groundmass  which  may  be 
variolitic  or  even  unresolvable  close  to  a  contact.  The  olivine  never 
amounts  to  much  more  than  2  J  per  cent  but  it  is  sufficient  to  give  the 
dikes   the   characteristic    red   weathering.    Sometimes,   as    in    one   well- 

1  Marker,  Geology  of  the  Small  Isles,  p.  80,  gives  an  analysis  of  "foliated  olivine  rock,"  and 
also  discussion,  p.  87. 
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exposed  dike  intersecting  the  gabbro  of  a  huge  boulder  opposite  the 
mouth  of  Coire  Labain,  there  may  be  some  10  to  12  per  cent  olivine  in 
the  fine  groundmass.  Several  small  dikes  found  in  the  floor  and  walls 
of  Coire  Labain  have  the  same  general  character,  indeed,  a  moderate 
amount  of  olivine  in  the  groundmass  is  a  rather  general  character  of 
these  dikes.  Occasionally,  but  by  no  means  frequently,  these  small  dikes 
contain  phenocrysts  of  basic  plagiochise  (basic  bytownite)  and  some- 
times these  occur  in  glomero-porphyritic  groups.  Most  of  the  plagio- 
clase  occurs  in  the  doleritic  groundmass  and  is  of  a  much  more  sodic 
character.  When  strongly  zoned  the  inner  zones  may  be  as  basic  as  Ab,An, 
but  they  are  abundantly  compensated  by  outer  zones  richer  in  albite. 
In  several  cases  where  the  refractive  indices  were  determined  in  powdered 
rock  there  was  no  plagioclase  more  calcic  than  Ab,Ano,  and  it  was  ac- 
companied by  more  sodic  varieties  in  at  least  equal  quantity.  The  dike 
at  the  mouth  of  Alt  Coire  Labain,  where  it  empties  into  Loch  Brittle, 
is  of  considerable  width  but  belongs  among  those  which  occur  far  out 
from  the  focus  of  intrusion  and,  in  accordance  with  the  general  tendency, 
is  not  truly  peridotitic.  It  contains  large  olivines  about  2  mm  in  diameter 
to  the  extent  of  some  20  per  cent,  and  some  picotites  in  a  doleritic  mass 
of  plagioclase  and  augite  with  a  little  olivine.  The  plagioclase  is  strongly 
zoned  showing  compositions  varying  from  Ab,An^  to  Ab,An^. 

As  representative  of  the  composition  of  the  narrower  dikes  of  perido- 
titic affinities,  a  specimen  of  an  8-inch  dike  from  Coire  Labain  was  chosen 
for  analysis.  It  is  one  of  those  just  described  as  containing  olivine  in  two 
generations.  The  result  of  the  analysis  is  given  under  III,  Table  XII. 
The  normative  olivine,  which  must  correspond  very  closely  with  the 
actual  amount,  is  about  32  per  cent.  The  microscope  shows  that  about 
25'  per  cent  of  the  rock  is  made  up  of  large  olivine  phenocrysts.  The 
rest  of  the  olivine  occurs  in  the  groundmass,  of  which  it  makes  up  some 
10  per  cent.  The  normative  plagioclase  is  about  30  per  cent  of  the  rock 
and  has  the  composition  Ab^An,.  It  is  thus  labradorite  and  not  the  very 
basic  feldspar  of  the  more  typically  ultrabasic,  wider  dikes. 

Dikes  which  are  not  true  peridotite  but  which  have  decided  ultra- 
basic  affinities  occur  far  out  from  the  focus  of  intrusion  in  the  Cuillins. 
Some  ten  miles  to  the  east  these  dikes  have  been  noted  by  Clough  and 
by  Harker.^  They  have  a  general  character  which  may  be  described  as 
intermediate  between  picrite  and  olivine  dolerite. 

SUGGESTED  EXPLANATION  OF  CONTACT   FACIES  OF  THE  DIKES 

It  is  not  easy  to  explain  the  change  of  nature  of  the  substance  of  the 
peridotite  dikes  at  the  contact,  but  it  is  probably  to  be  referred  to  com- 
posite   intrusion.    Composite    dikes    are    common    in    the    Hebrides,    the 

1  Skye  Memoir,  pp.  383,  384. 
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prevalent  type  having  doleritic  borders  and  an  acid  center.  Harker  has 
explained  them  as  the  result  of  successive  intrusion,  the  first  filling  of 
the  fissure  being  doleritic.  When  this  filling  had  consolidated  at  the 
margins  only,  the  dike  was  then  eviscerated  by  the  inflow  of  salic 
magma. ^  The  Mull  authors  accept  this  interpretation  for  similar  dikes 
and  in  addition  express  the  opinion  that  prior  intrusion  of  fluent  basic 
lava  has  often  been  a  necessary  preliminary  to  the  inflow  of  viscous  salic 
magma  imder  hypabyssal  conditions.^  Harker  considers  it  probable  that 
the  doleritic  margins  of  the  peridotite  dikes  are  analogous  to  such 
margins  on  acid  dikes.  He  believes  that  a  peridotitic  liquid  followed  after 
the  basaltic  liquid,  sweeping  out  the  central  portion  of  the  partly  con- 
solidated doleritic  dike.'^  The  concept  advanced  by  the  Mull  authors  sug- 
gests the  possibility  of  a  modification  of  Harker's  hypothesis.  The 
intrusion  of  a  fluent  basic  magma  may  have  been  a  necessary  prelimi- 
nary to  the  inflow  of  peridotitic  material.  In  this  case,  however,  prepara- 
tion of  the  way  was  necessary,  not  because  the  peridotite  was  in  the 
condition  of  a  highly  viscous  liquid,  but  because  it  was  already  in  an 
advanced  state  of  crystallization.  We  thus  arrive  at  the  concept  of  the 
intrusion  of  the  materials  from  a  basaltic  magma  mass  which  had 
suffered  partial  crystallization,  with  local  accumulation  of  the  early 
crystals,  principally  olivine  and  basic  plagioclase.  The  supernatant 
liquid,  with  only  a  limited  amount  of  these  crystals,  was  capable  of 
flowing  freely  into  any  dike  fissure  that  may  have  intersected  the  magma 
mass.  We  therefore  find  quite  narrow  dikes  of  peridotitic  affinities.  Into 
the  wider  fissures,  or  possibly  into  widening  fissures,  the  largely  crystal- 
line, peridotitic  portion  of  the  magma  mass  was  capable  of  following 
after  the  first  inrush  of  the  more  liquid  part.  In  addition  the  action  prob- 
ably involved  the  squeezing  onward  of  the  interstitial  liquid  of  the 
peridotitic  substance  into  the  more  outlying,  narrower  portions  of  these 
same  wide  fissures,  the  wider  portions  thus  being  left  more  nearly  peri- 
dotitic or  allivalitic.  This  effect  is  perhaps  the  best  explanation  of  the 
fact  that  when  a  small  stringer  runs  out  from  a  peridotite  dike  into 
the  adjacent  rock  it  is  always  basalt-like  in  that  it  is  nearly  all  labra- 
dorite  and  augite  but  a  few  olivines  and  especially  a  few  picotites  have 
gone  with  it  and  thus  betray  its  origin  as  the  interstitial  liquor  of  the 
peridotite.  The  contrast  in  the  nature  of  the  peridotite  dikes  according  to 
their  distance  from  the  center  of  divergence  and  again  according  to  their 
size  would  appear  to  be  satisfactorily  accounted  for  by  intrusion  involv- 
ing some  filtration  in  the  general  manner  described. 

But  whatever  may  be  the  truth  it  is  certain  that  one  will  look  in  vain 
in  Skye  for  evidence  of  the  existence  of  peridotite  liquid.  Basalt,  andesite 

1  Skyr  Memoir,  p.  207. 

2  Mull   Memoir,  p.  33. 

3  Oral  communication  from  Dr.  Harker. 
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and  granophyre  all  have  locally  suffered  chilling  of  such  degree  that 
they  have  become  uniformly  aphanitic,  spherulitic  and  even  glassy. 
Peridotite  has  never  behaved  similarly.  On  no  occasion  has  pcridotite 
been  chilled  in  such  a  way  that  all  of  its  constituents  enter  into  an  apha- 
nitic fabric.  If  there  was  liquid  consisting  principally  of  olivine,  or  even 
very  rich  in  olivine,  it  is  incredible  that  this  liquid  should  never  have 
formed  small  seams  in  adjacent  cold  rocks  or  have  been  locally  chilled 
to  a  uniformly  aphanitic  mass.  Though  the  evidence  is  of  the  negative 
kind  it  is  at  least  strongly  indicative  of  the  fact  that  the  peridotites  of 
Skye  were  never  entirely  liquid  as  such.  A  general  survey  of  lavas,  re- 
garding them  as  quenched  rocks,  points  in  the  same  direction  for  world 
peridotites  as  a  whole. 

THE  OLIVINE  BASALTS 

As  is  well  known,  there  are  no  truly  peridotitic  lavas  and  the  reason 
for  this  fact  becomes  apparent  when  we  examine  their  nearest  relatives, 
the  olivine  basalts.  We  find  that  no  olivine  basalt  can  contain  more  than 
a  moderate  amount  of  olivine  without  having  the  excess  amount  present 
as  large  crystals  fphenocrysts)  in  a  ground  of  a  totally  different  nature 
as  to  size  of  crystals  and,  of  course,  composition.  If  a  basalt  must  have 
these  olivine  crystals  present  as  such,  in  order  to  acquire  a  composition 
rich  in  olivine,  it  is  plain  that,  in  order  to  have  the  content  of  olivine  so 
increased  that  the  composition  would  be  peridotitic,  the  amount  of  olivine 
present  as  crystals  would  require  to  be  so  great  that  the  mass  could  not 
be  poured  out  on  the  surface.  We  shall  now  examine  basalts  for  the  evi- 
dence of  this  fact. 

There  are,  as  already  stated,  33^  superior  analyses  of  ordinary 
basalts  in  Washington's  Tables  of  1917.  Of  this  number  145  have  norma- 
tive quartz  and  190  have  normative  olivine.  The  normative  amounts 
of  these  minerals  will  here  be  used  merely  as  a  convenient  means  of 
isolating  one  important  feature  of  their  chemical  composition.  In  Fig.  43 
the  distribution  of  basalts  with  respect  to  their  normative  quartz  and 
normative  olivine  has  been  plotted,  the  method  of  plotting  being  analo- 
gous to  that  used  in  discussing  the  normative  plagioclase  of  basalts.  The 
partitioning  is  made  at  each  2  per  cent  increase  of  quartz  and  olivine 
respectively.  Quartz  and  olivine  are  plotted  in  opposite  directions  on  the 
abscissae  in  order  to  bring  out  a  relation  shortly  to  be  discussed.  It  will 
be  noted  that  the  number  of  basalts  with  normative  quartz  falls  off 
rapidly  from  its  highest  value  at  o  per  cent  to  a  vanishingly  small 
number  at  somewhat  more  than  20  per  cent  normative  quartz.  On  the 
other  hand  the  number  of  basalts  having  normative  olivine  rises  from 
the  value  at  o  per  cent  olivine  to  a  maximum  near  10  per  cent  olivine 
and  then  falls  off  to  o  somewhat  beyond  50  per  cent  normative  olivine. 
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It  will  be  obvious  to  anyone  familiar  with  the  chemistry  of  rocks  that 
these  two  curves  represent  a  continuous  variation  through  a  common 
point  at  O  per  cent  normative  quartz  and  olivine  and  that  it  is  only  neces- 
sary to  find  a  common  basis  for  plotting  them  in  order  to  demonstrate 
this  fact.  This  can  not  be  done  in  a  strictly  quantitative  manner  on 
account  of  the  variable  chemical  nature  of  the  normative  olivine,  but  an 
approximation  can  be  made  which  is  adequate  for  the  purpose.  A  given 
quantity  of  normative  quartz  is  chemically  equivalent  to  some  2-1/3 
times  as  much  Mg„SiO^  or  some  3-1/3  times  as  much  Fe2Si04.  The 
number  of  basalts  with  normative  olivine,  falling  in  a  certain  sub- 
division of  the  continuous  series  of  rocks,  can  be  made  comparable  with 
the  number  in  a  certain  subdivision  on  the  other  side  of  the  zero 
point  (the  side  with  normative  quartz)  by  making  the  subdivisions  on 
the  olivine  side  somewhere  between  2-1/3  ^^^  3"i/3  times  as  big.  In 
addition  we  must  then  plot  them  in  comparable  subdivisions.  This  can 
be  done  by  regarding  one  of  these  larger  subdivisions  on  the  olivine 
side  as  equivalent  to  the  smaller  one  on  the  quartz  side,  thus  plotting 
what  might  be  called  positive  and  negative  normative  quartz.  Arbi- 
trarily Intermediate  divisions  2-3/4  times  as  large  have  been  chosen  on 
the  olivine  side  and  the  number  of  basalts  in  these  divisions  have  been 
plotted  on  a  diagram  of  positive  and  negative  normative  quartz.  When 
this  is  done  we  obtain  the  curve  given  in  Fig.  44.  This  curve  combines 
the  information  of  the  other  two  into  a  single  curve  and  shows  plainly 
that  basalts  in  general  group  themselves  most  abundantly  around  a 
composition  which  has  what  may  be  termed  a  small  deficiency  of  silica. 
This  small  deficiency  corresponds,  however,  with  some  10  per  cent 
normative  olivine. 

The  number  of  basalts  falls  off  rapidly  on  the  high  silica  side,  not 
because  there  are  no  such  rocks,  but  because  such  rocks  cease  to  be 
termed  basalt.  The  number  falls  off  on  the  high  olivine  side  because  few 
rocks  having  even  moderately  high  amounts  of  normative  olivine  and 
none  having  very  high  amounts  are  known  among  effusives. 

An  examination  of  the  basalts  having  the  higher  amounts  of  norma- 
tive olivine  shows,  as  we  have  stated,  that  they  always  contain  large 
amounts  of  olivine  as  phenocrysts.  A  few  typical  examples  may  be 
briefly  referred  to.  The  olivine  basalts  of  Hawaii  have  now  received  im- 
portant detailed  petrographic  and  chemical  studies,  among  the  more 
recent  being  those  of  Daly,  of  Cross,  and  of  Washington.  Daly  describes 
an  ultra-femic  olivine  basalt  which  has  its  olivine  in  large  crystals 
"often  more  than  one  centimeter  in  diameter."  There  is  "a  rather  sur- 
prising contrast  in  the  grain  of  the  groundmass,  which  is  of  diabasic 
structure,  with  thin  tables  of  plagioclase,  seldom  over  0.1  mm  in  length, 
separated  by  augite  granules  of  even  smaller  diameters."  The  normative 
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olivine  of  the  rock  is  18.5  per  cent,  but  actually  about  32  per  cent  has 
crystallized  as  olivine.^  Unquestionably  these  olivine  crystals  were 
present  as  such  before  extrusion.  Cross  notes  the  similarity  in  composi- 
tion of  this  ultra-femic  basalt  with  the  olivine  diabase  ledge  of  the 
Palisades  of  New  Jersey.-  I'he  similarity  amounts,  in  fact,  almost  to 
identity.  Not  often  could  two  specimens  be  taken  of  a  single  rock  ex- 
posure which  would  give  analyses  so  much  alike.  The  Hawaiian  basalt 
undoubtedly  acquired  its  composition  in  a  manner  analogous  to  the 
olivine-diabase  of  New  Jersey.  The  basalt  came  from  that  part  of  a 
magma  mass  where  olivine  crystals  had  accumulated  and  had  not  suf- 
fered re-solution.  There  was  no  ultra-femic  liquid.  Upon  extrusion  the 
liquid  portion  crystallized  under  altogether  different  conditions  and  gave 
the  hne-grained  groundmass.  It  is  noteworthy  that  this  lava  did  not 
flow  freely  but  formed  block-lava,  which  is  not  surprising  considering 
the  proportion  of  crystals. 

Any  number  of  rocks  from  Hawaii  illustrate  the  same  process  as  that 
plainly  written  in  this  ultra-femic  basalt.  A  picrite-basalt  from  Kaula 
Gulch  has  such  a  composition  as  to  endow  it  with  34  per  cent  normative 
olivine.  This  basalt  is  "very  highly  phyric"  with  "phenocrysts  of  olivine 
up  to  nearly  one  centimeter  long"  constituting  "about  one-fifth  to  one- 
fourth  of  the  rock."'*  Though  regarded  by  Daly  as  intrusive  the  "por- 
phyritic  gabbro  of  the  Uwekahuna  laccolith"  has  been  chilled  with 
sufficient  rapidity  that  the  olivine  and  the  other  constituents  are  strongly 
contrasted  in  grain,  the  olivine  being  already  crystallized  before  intru- 
sion. It  has  about  31  per  cent  normative  olivine  but  about  40  per  cent 
olivine  as  actual  crystals.^  Look  where  one  will  in  the  literature  of  Ha- 
waiian rocks,  no  basalt  will  be  found,  containing  more  than  a  small 
amount  of  olivine,  in  which  all  of  that  olivine  enters  into  the  aphanitic 
ground  on  an  equal  basis  with  augite  and  plagioclase.  There  is  but  one 
conclusion  to  be  drawn.  Dana's  old  designation  "chrysophyric"  is  elo- 
quent both  of  their  character  and  origin.  No  liquid  with  more  than  a 
small  amount  of  olivine  was  concerned  in  the  formation  of  any  of  these 
rocks. 

The  same  facts  are  brought  to  light  in  any  igneous  field  to  which  one 
may  turn.  A  Linosa  basalt  with  28  per  cent  normative  olivine  contains 
phenocrysts  of  olivine.®  So  it  is  with  a  Japanese  basalt  containing  26  per 
cent  normative  olivine."  Again  in  New  South  Wales  a  basalt  with  26 
per  cent  normative  olivine  contains  phenocrysts  of  that  mineral.'   In 

1  R.  A.  Daly,  "Magmatic  differentiation  in  Hawaii,"  Jour.  GeoL,   19,    1911,  pp.  294-6. 

2  Whitman  Cross,  "Lavas  of  Hawaii  and  their  Relations,"  U .S.  Geol.  Surv.  Prof.  Paper  88,  1915, 
pp.  39.   76. 

3  H.  S.  Washington,  Amer.  lour.  Sci.,  5,   1923,  pp.  500,  501. 

4  Daly,  op.  cit.,  pp.  291-3. 

5  H.   S.   Washington.   Jour.   Geol.,    16,    1908,  p.  23. 

6  Kozu,  Set.  Kept.    Tohoku   Uruv.    (2),   1,   1913,  p.  51. 

7  D.  Mawson,  Proc.  Roy.  Soc,  N.S.  Wales,  37,   1903,  p.  341. 
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Madagascar  and  Reunion,  which  have  received  such  careful  study 
hy  Lacroix,  the  facts  of  the  origin  of  olivine-rich  rocks  are  well  dis- 
[)layed.  Here  is  found  the  effusive  hasalt  wnth  the  highest  amount  of 
normative  olivine  (40  per  cent)  of  any  such  rock  listed  in  Washington's 
Tables.  It  has  enormous  crystals  of  olivine  in  a  microlitic  groundmass 
of  plagioclase  and  augite  with  a  little  olivine.  Lacroix  is  not  sure  that 
this  material  formed  a  separate  flow.  It  may  be  merely  streaks  or  layers 
carried  along  in  a  flow  having  in  general  much  fewer  crystals  of  olivine.^ 
Ranging  from  this  extreme  example,  a  number  of  basalts  are  described 
and  analyzed  which  have  more  moderate  amounts  of  normative  olivine 
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Fig.  43.     plot  of  normative  quartz  and  normative  olivine  in  335  analyzed 

"basalts." 


but  always  with  the  same  large  olivines  showing  outstanding  contrast 
in  grain  with  the  rest  of  the  constituents.  Never  does  more  than  a  small 
amount  of  olivine  enter  into  the  aphanitic  groundmass.  Droplets  and 
Pele's  Hair,  which  have  been  quenched  almost  entirely  to  glass,  may 
show  as  much  as  10  per  cent  normative  olivine,^  corresponding  in  amount 
with  the  composition  around  which  basalts  tend  to  cluster  (see  Figs.  43 
and  44),  and  this  seems  to  be  the  most  "basic"  liquid  concerned  in  the 

1  A.  Lacroix,  Compt.  rend.,  154.  J9I2.  P-  251. 

2  Lacroix.  op.  cit.,  p.  253,  Analyses  h  and  t. 
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formation  of  the  Madagascar  rocks.  When  they  became  rich  in  olivine 
they  did  so  through  the  accumulation  of  crystals  of  that  mineral  and 
without  any  significant  remelting  of  these  crystals.  Deep-seated,  coarse- 
granular  rocks  have,  here  as  elsewhere,  attained  extremes  never  reached 
by  effusives. 

One  other  rock  may  be  mentioned  in  this  connection.  It  is  a  picritc- 
basalt  from  Juan  Fernandez,  a  dike,  not  a  lava,  but  quenched  so  as  to 
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Fig.   44.     plot   of   "positive    and    negative    normative    quartz"    in    335    analyzed 

"basalts."  An  adaptation  of  Fig.  43  to  emphasize  the  continuous  nature  of  the 

variation  shown  in  the  two  curves  of  that  figure. 


reveal  the  facts  of  its  origin.  In  it  is  shown  the  highest  amount  of 
normative  olivine  (53  per  cent)  of  any  rock  termed  basalt  by  the  author 
describing  it.  Great  crystals  of  olivine  lie  in  an  aphanitic  ground  com- 
posed mainly  of  plagioclase  and  augite  (see  Fig.  45).  Some  of  the  olivine 
basalts  of  this  island  group  are,  locally  at  least,  about  as  rich  in  olivine 
as  this  dike,  but  they  have  not  been  analyzed.  Their  high  olivine  content 
is  invariably  due  to  an  increased  amount  of  phenocrysts  of  olivine  of 
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about  1  cm  diameter.^  Plainly  these  crystals  were  not  in  solution  in  the 
dike  or  flow  material  at  the  time  of  its  intrusion  or  extrusion.  As  has 
been  said  before,  this  fact  does  not  prove  that  they  were  not  in  solution 
in  that  material  at  an  earlier  time.  But  if  one  finds  the  condition  shown 
by  these  basalts  to  be  invariably  true  of  all  rocks  rich  in  olivine  which 
have  suffered  quenching,  one  must  conclude  that  large  amounts  of  oli- 
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Fig.  45.     Picrite-basalt  from  Juan  Fernandez  (after  Quensel)   showing  enormous 
contrast  of  size  of  olivine  crystals  with  crystals  of  the  other  constituents. 


vine  never  occur  in  solution  in  magmatic  liquids.  A  survey  of  igneous 
provinces  leaves  no  question  that  such  rocks  do  have  this  character,  that 
is,  they  always  contain  either  all  of  their  olivine  or  all  in  excess  of  a 
quite  small  amount  (apparently  some  12  to  15  per  cent)  as  relatively 
large  phenocrysts.  They  therefore  force  acceptance  of  the  stated  con- 
clusion. Some  examples  encountered  in  the  survey  have  been  mentioned 
in  the  foregoing  more  for  the  purpose  of  emphasizing  the  nature  of  the 
inquiry  than  of  indicating  its  scope. 

ROCKS    ENRICHED    IN    BOTH    OLIVINE    AND    BASIC    PLAGIOCLASE 

Having  found  that  rocks  can  become  rich  in  either  olivine  or  basic 
plagioclase  only  by  accumulation  of  crystals  of  the  one  or  the  other 
which  persist  as  such,  we  must  expect  that  a  special  richness  in  both 
can  come  about  only  by  accumulation  of  both.  The  allivalites  of  the 

1  p.  D.   Qufnsel.  Bull.  Geol.  Inst.  Vpsala,  ii,   1912,  pp.  286-7,   264-6. 
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Hebrides,  which  are  made  up  of  olivine  and  a  phigiochise  approaching 
anorthite,  represent  the  extreme  of  this  condition.  Regarding  their  origin 
they  offer  no  evidence  of  the  kind  we  have  been  pursuing  because  they 
are  never  quenched,  just  as  the  extreme  of  enrichment  in  olivine  alone 
(dunite)  is  never  quenched.  But  rocks  showing  less  extreme  enrichment 
exhibit  characters  proving  them  to  be  formed  by  accumulation.  Harker 
has  described  in  Skye  a  group  of  dikes  which  he  has  termed  the  Beinn 
Dearg  type.  They  contain  phenocrysts  of  both  olivine  and  plagioclase. 
The  chemical  analysis  of  a  typical  specimen  shows  it  to  have  21.5  per 
cent  normative  olivine  and  about  65  per  cent  anorthite  in  the  normative 
plagioclase. '^  No  dikes  having  like  chemical  characters  are  known  in  the 
area  which  do  not  have  phenocrysts  of  olivine  and  phigioclase.  For  this 
particular  area  alone  this  fact  might  perhaps  be  referred  to  imperfection 
of  the  record  but  examination  of  a  number  of  instances  of  rocks  having 
like  composition  renders  it  very  improbable  that  any  such  explanation 
applies.  The  rocks  examined  must  be  quenched  rocks,  in  order  that  evi- 
dence on  the  question  may  be  afforded.  Rocks  termed  basalt  are  again 
turned  to.  We  find  that  a  fair  number  have  both  relatively  high  olivine 
and  relatively  high  anorthite  in  the  normative  plagioclase.  The  petro- 
graphic  descriptions  show  that  they  have  phenocrysts  of  both  olivine 
and  plagioclase.  Examples  come  principally  from  localities  already  dis- 
cussed, Madagascar,  the  New  Hebrides,  Hawaii,  and  need  not  be  further 
enlarged  upon.  A  fine  example  in  the  form  of  a  dike  is  described  from 
the  Nordingra  region  of  Sweden.  It  has  phenocrysts  of  olivine  and  pla- 
gioclase which  remain  of  substantially  the  same  size  in  the  chilled 
selvage  though  the  groundmass  is  there  quenched  to  a  glass.-' 

ROCKS    ENRICHED    IN    PYROXENE   OR   HORNBLENDE 

The  same  sort  of  reasoning  that  has  just  been  followed  may  be 
applied  to  rocks  enriched  in  pyroxenes.  A  survey  of  lavas  reveals  the 
types  that  have  been  called  ankaramites  which  are  very  rich  in  pyroxene 
but  only  in  virtue  of  the  presence  of  much  of  the  pyroxene  as  pheno- 
crysts. It  may  merely  be  stated  that  evidence  of  the  same  kind  indicates 
that  pyroxene-rich  rocks  are  formed  by  the  accumulation  of  crystals 
without  remelting.  There  are  no  effusive  equivalents  of  the  pyroxenites, 
whether  the  characteristic  mineral  be  ortho-  or  clino-pyroxene,  which 
fact  is  to  be  referred  to  the  non-existence  of  liquids  of  corresponding 
composition.  Certain  rocks  very  rich  in  clino-pyroxene  but  having  a 
strongly  alkalic  base  are  known  among  effusives  but  they  present  a 
somewhat  different  problem  which  is  treated  on  a  later  page. 

Rocks  rich  in  hornblende  have  probably  been  formed  by  the  accumu- 

1  skye  Memoir,  p.  325. 

-  J.  M.  Sobral,  Geoloyy  of  the  Nordingra  Region,   1913,  pp.   135-9. 
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lation  of  hornblende  crystals  without  remelting  or  re-solution  and  there 
are  consequently  no  effusives  strictly  equivalent  to  hornblendite.  The 
question  of  re-solution  of  accumulated  hornblende  is,  however,  a  more 
complex  problem  than  the  similar  problem  for  olivine  and  basic  plagio- 
clase  and  can  be  treated  only  after  certain  principles  governing  it  have 
been  developed. 

GENERAL    CONSIDERATION    OF    THE    ULTRABASIC    ROCKS 
AND    SUMMARY    OF    CONCLUSIONS 

The  view  that  ultrabasic  and  related  rocks  have  been  formed  by  the 
accumulation  of  early  crystals  is  now  rapidly  gaining  general  accep- 
tance, but  the  assumption  is  usually  made  that  the  accumulated  crystals 
have  been  redissolved  or  remelted  in  depth.  Since  his  recent  conversion 
to  crystallization-differentiation  Vogt  has  been  a  champion  of  this  as- 
sumption. With  full  realization  of  the  requisite  temperatures  he  boldly 
sets  down  such  values  as  i500-i6oo°C,  necessary  for  the  re-solution  of 
olivine  to  give  peridotite  liquid,  and  1500°C,  necessary  to  give  certain 
anorthosite  liquids.^  In  view  of  the  failure  of  Inclusions  of  familiar 
rocks  to  show  the  remarkable  effects  they  would  undoubtedly  experience 
upon  immersion  in  such  liquids,  the  temperatures  mentioned  can  not  be 
accepted.  To  these  same  high  temperatures  requisite  to  melt  peridotite 
and  anorthosite  Vogt  would  refer  the  absence  of  effusive  equivalents. 
He  believes  the  liquid  can  not  be  maintained  at  this  high  temperature 
long  enough  to  permit  its  pouring  out  at  the  surface  from  the  great 
depth  at  which  he  supposes  these  magmas  to  originate  by  the  remelting 
process.  But  rocks  of  this  character  are  by  no  means  always  deep-seated. 
In  the  Hebrides  they  were  formed  under  what  was  probably  a  moderate 
covering  of  surface  lavas  and  if  entirely  liquid  it  is  remarkable  that 
they  are  never  represented  among  these  lavas.  A  high  temperature  of 
consolidation  is  in  fact  no  bar  to  the  occurrence  of  any  liquid  as  a  sur- 
face flow.  In  the  filling  of  the  feeding  fissure  the  formation  of  a  border 
selvage  provides  a  hot,  ill-conducting  couche  and  it  is  ordinarily  a  long 
time  in  a  mass  of  even  moderate  thickness  before  the  central  portions  ex- 
perience any  cooling  whatever.  Undoubtedly  such  liquids,  in  view  of 
their  high  fluidity,  would  be  transferred  rapidly  and  would  pour  out 
freely  upon  the  surface.  The  evidence  is  thus  in  every  way  decidedly 
against  the  existence  of  these  very  hot  liquids. 

Realizing  this  fact  Harker  has  turned  to  volatile  components  as  an  aid 
to  the  re-solution  of  the  accumulated  crystals.  He  believes  that  in  some 
manner  the  mass  of  crystals  receives  an  accession  of  volatile  compo- 
nents adequate  to  bring  about  its  liquefaction  at  moderate  temperatures. - 

1  Economic  Geology,  21,  1926,  p.  232. 

2  Oral  communication. 
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Against  this  view  Vogt  has  quite  definitely  set  his  face  on  account  of  lack 
of  evidence  that  the  rocks  concerned  ever  contained  the  requisite  large 
amounts  of  volatile  components,  a  fact  to  which  attention  was  called 
long  since/  There  is,  in  addition,  the  difficulty,  frankly  admitted  by 
Harker,  of  picturing  the  process  of  addition  of  volatile  components  to 
the  crystalline  mass.  Absence  of  effusives  is  again  unaccounted  for. 

These  difficulties  disappear  entirely  if  the  rocks  are  accepted  as  the 
result  of  crystal  accumulation  without  remelting.  The  flow  of  the  re- 
sulting material  into  fissures  would  seem  to  be  a  quite  definite  possibility 
if  the  proportion  of  liquid  is  not  too  small,  but  the  factors  influencing 
intrusion  of  this  kind  are  too  obscure  for  adequate  discussion.  No  doubt 
the  rate  of  application  of  the  force  is  an  important  factor. 

If  the  conclusions  reached  regarding  the  Skye  peridotites  may  be 
accepted  the  intrusion  of  the  largely  crystalline  mass  may  have  the  way 
prepared  for  it  by  the  prior  intrusion  of  a  liquid  material  of  more  com- 
plex (polycomponent)  constitution.  Even  a  portion  of  the  mass  which 
is  entirely  crystalline  may  apparently  be  carried  along  with  the  rest 
during  this  kind  of  intrusion  and  we  may  thus  obtain  a  dike  which  is 
locally  dunite,  but  this  is  accomplished  only  with  much  granulation  of 
the  olivine  and  the  development  of  a  general  fissility  of  the  mass.  In 
some  cases  it  may  be  that  a  mass  which  gives  rise  to  a  dunite  dike  may 
have  had  a  small  amount  of  interstitial  liquid  (not  dunitic)  but  this 
liquid  is  squeezed  out  during  the  passage  of  the  mass  into  and  along 
the  fissure.  The  purely  mechanical  effect  could,  of  course,  never  remove 
all  the  liquid  but  this  may  be  supplemented  by  a  re-solution  of  crystals 
at  points  of  contact,  where  the  brunt  of  the  pressure  is  borne,  and  re- 
deposition  elsewhere.  In  general  it  is  necessary  to  appeal  to  some  such 
action  to  obtain  a  monomineralic  mass  of  any  kind.  The  mere  accumu- 
lation of  crystals  can  not  give  such  a  mass.  In  some  cases  it  may  be  that 
no  great  pressure  is  applied  in  order  to  convert  a  mass  of  crystals  into  a 
solid  cake  with  interstitial  liquid  removed.  It  is  known  that  if  a  mass 
of  discrete  crystals  of  a  soluble  salt  lie  in  the  bottom  of  a  beaker  of 
saturated  solution  the  mass  will  gradually  be  converted  into  a  solid  cake 
of  the  salt.  It  seems  possible  that  in  some  cases  the  accumulation  of 
crystals  in  a  magmatic  chamber  may  be  sufficiently  slow  that  as  the 
mass  grows  each  new  layer  of  crystals  is  converted  by  this  action  into  a 
solid  cake.  What  the  fundamental  control  over  this  action  may  be  we 
do  not  know  and  need  not  know  for  our  present  purpose.  These  effects 
that  must  be  assumed  as  supplementary  to  crystal  accumulation  in  the 
case  of  monomineralic  rocks  offer  some  difficulties,  it  must  be  admitted, 

1  N.  L.  Bowen,   "The   Problem  of  the   Anorthosites,"  Jour.   CeoL,   25,    1917,  pp.  209-43. 
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but  the  alternative  (viz.,  the  existence  of  liquids  of  extreme  composition) 
is  very  unlikely  on  general  grounds  and  is  altogether  negatived  by  the 
characters  of  "quenched"  rocks.  By  this  is  meant  rocks  which  are  uni- 
formly aphanitic  to  glassy  and  rocks  which  have  a  groundmass  of  that 
character.  Tlioroughgoing  ultrabasic  rocks  are  not  found  in  either  cate- 
gory. Among  the  uniformly  aphanitic  (aphyric)  rocks  there  are  none 
that  remotely  approach  ultrabasic  compositions.  Among  porphyritic 
rocks  with  an  aphanitic  base  there  is  a  greater  approach  to  such  compo- 
sitions but  the  degree  of  approach  is  dependent  upon  the  presence  of 
relatively  large  phenocrysts  of.  the  minerals  characteristic  of  the  ultra- 
basic  rocks.  I'hese  porphyritic  rocks  have  no  aphyric  equivalents  and 
must  be  formed  by  the  accumulation  of  crystals  of  their  porphyritic 
elements.  This  process,  carried  to  extremes,  gives  rise  to  the  thoroughly 
ultrabasic  rocks,  which  are  therefore  not  represented  among  lava  flows 
and  only  rarely  among  dikes,  in  which  case  they  have  been  intruded 
under  special  conditions. 

BANDED   GABBRO 

Banded  gahbro  is  appropriately  considered  under  rocks  formed  by 
crystal  accumulation  with  sorting.  Banded  gabbros  are  rocks  with  the 
mineral  composition  of  gabbro  in  which  there  is  a  banding  or  layering 
marked  by  special  richness  of  one  mineral  in  a  certain  layer  and  special 
poverty  of  that  mineral  in  an  adjacent  layer.  They  are  abundantly 
developed  in  the  Hebrides  and  apparently  all  who  have  studied  them 
there,  certainly  Geikie,  Teall  and  Harker,^  have  concluded  that  they  are 
the  result  of  intrusion  of  an  inhomogeneous  liquid.  Harker  is  no  advo- 
cate of  liquid  immiscibility  of  silicates  but  he  does  believe  that  the 
separate  liquid  portions  did  not  succeed  in  mixing  and  is  frankly  agnos- 
tic as  to  how  the  inhomogeneity  originates.  Referring  especially  to  the 
Duluth  gabbro,  Grout  concludes  that  the  banding  was  caused  by  con- 
vection while  crystallization  was  going  on.-  This  requires  the  further 
assumption  of  a  rhythmic  crystallization,  plagioclase  and  augite  alter- 
nating, a  condition  which  is  difficult  of  acceptance.  It  has  therefore  been 
suggested  that  the  banding  results  from  deformation  in  a  crystallizing 
mass  in  which  crystal  accumulation  is  occurring.  The  action  is  of  the 
nature  of  the  intrusion  of  the  more  completely  liquid  portions  into 
rifts  in  the  crystal  mesh  of  the  part  of  the  mass  in  which  the  propor- 
tion of  crystals  is  much  greater.  The  process  is  thus  a  sort  of  auto- 
intrusion.^  Further  crystallization-differentiation  by  gravity  in  the  liquid 
layers  thus  intruded  may  give  extreme  effects,  for  this  liquid  virtually 

1  Skye  Memoir,  p.   120. 

2  F.  F.  Grout,  ]onr.   Geol.,  26,   1918,  pp.   481-99. 

3  N.  L.  Bowen,  Jour.  Geol.,  27,  1919.  PP-  417-22;  W.  J.  Mead,  Jour.  Geol.,  33,   1925,  p.  697. 
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begins  its  crystallization  anew  under  conditions  that  are  ideal  for  pro- 
ducing such  effects.  An  interesting  observation  upon  the  banded  gabbro 
of  the  Bushveldt  has  been  made  by  Wagner  who  shows  that  elongated 
crystals  are  not  aligned  but  merely  lie  in  a  common  plane,  assuming  all 
azimuths  in  that  plane.  Such  a  structure  is  plainly  a  sedimentation  struc- 
ture.^ Even  differentiation  by  diffusion  to  the  border  might  take  place  in 
these  liquid  layers,  for  the  limitation  placed  upon  the  effects  of  diffu- 
sion would  no  longer  be  operative.  This  limitation,  it  will  be  recalled,  is 
due  to  the  fact  that  transfer  of  heat  by  diffusion  is  so  much  more  rapid 
than  transfer  of  substance  by  diffusion.  But  in  the  present  case  transfer 
of  heat  has  to  be  effected  through  great  distances,  the  cooling  rate  being 
that  of  an  enormous  mass,  whereas  transfer  of  substance  must  take  place 
through  the  very  small  distance  represented  by  the  thickness  of  the  layer. 
It  seems  possible,  therefore,  that  drastic  differentiation  effects  could  be 
brought  about  in  such  sheets  and  that  seams  and  layers  even  of  pure 
minerals  might  result.  These  layers  would  have  no  necessary  relation 
to  the  boundaries  of  the  mass  as  a  whole  but  would  have  to  the  boun- 
daries of  the  particular  sheet  from  which  they  formed.  Layers  of 
ilmenite,  of  picotite  and  of  plagioclase  in  banded  gabbro  may  perhaps 
be  referable  to  such  processes.  That  they  were  never  liquid  as  such  is 
demonstrated  by  the  fact  that  they  never  behave  independently  and  are 
never  found  outside  their  parent  gabbro. 

Whatever  may  be  the  details  of  the  method  whereby  banding  of  Hebri- 
dean  gabbros  has  resulted,  a  general  survey  of  Hebridean  rocks  makes 
it  plain  that  it  is  a  condition  brought  about  during  crystallization  and 
that  it  was  not  the  result  of  intrusion  of  an  inhomogeneous  liquid.  One 
encounters  the  expression  "banded  gabbro"  time  and  time  again  in  the 
literature  of  these  rocks,  but  one  will  look  in  vain  for  the  expression 
"banded  dolerite"  or  "banded  basalt."  If  inhomogeneous  liquids  of  a 
gabbroid  character  were  intruded  in  the  Hebrides  the  evidence  of  their 
inhomogeneity  would  certainly  be  best  preserved  in  the  quickly  chilled 
minor  intrusions  or  in  the  lava  flows  and  there  would  undoubtedly  be 
banded  dolerites  and  banded  basalts.  Rut  such  rocks  are  entirely  lacking. 
The  banding  originates  only  upon  crystallization  and  only  when  that 
crystallization  is  slow  enough  to  permit  the  growth  of  the  large  crystals 
characterizing  gabbro.  The  occurrence  of  minor  intrusions  which  are 
banded  only  serves  to  emphasize  this  fact  for  they  are  then  gabbro  and 
not  dolerite  or  basalt.  If,  therefore,  the  banded  Hebridean  gabbros  were 
intruded  in  an  inhomogeneous  condition  the  inhomogeneity  was  due  to 
vmeven  distribution  of  crystals  already  separated.  The  olivine  basalts  of 

1  Percy  Wagner,  "M;igmatlc  Nickel  Deposits  of  the  Bushveldt,"  Geol.  Surv.  U.S.  Africa.  Mem.  21, 
1924,  p.  81. 
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Reunion,  havin<2;  certain  layers  crowded  with  enormous  olivine  crystals, 
Illustrate  the  possibility  of  such  conditions  in  magmas  which  have  even 
broken  their  way  through  to  the  surface.  No  uniformly  aphanitic  rock 
of  gabbroid  composition  is  ever  banded.  When  this  fact  is  compared 
with  the  general  impression  one  gains  from  the  literature  that  there  is 
scarcely  a  mass  of  gabbro  of  notable  dimensions  without  its  banded 
portion  there  is  no  escape  from  the  conclusion  that  banding  originates 
during  slow  (coarse)  crystallization.  It  is  not  merely  a  matter  of  slow 
cooling  but  plainly  one  of  slow  crystallization,  with  the  attendant  oppor- 
tunity for  crystal  sorting,  auto-intrusion,  further  crystal  sorting  and 
so  forth. 

ANORTHOSITF.S 

The  facts  that  have  already  been  set  down  concerning  the  nature  and 
origin  of  rocks  enriched  in  basic  plagioclase  need  no  further  amplifi- 
cation. It  is  plain  that  a  general  survey  of  rocks  reveals  no  support  for 
the  concept  that  there  are  liquid  magmas  of  the  approximate  composi- 
tion of  basic  plagioclase.  The  same  considerations  may  be  applied  to 
plagioclase  rocks  in  general  and  the  same  conclusion  is  reached.  There 
are  no  liquid  magmas  corresponding  in  composition  with  any  plagio- 
clase, not  even  albite.  (See  p.  132.)  An  origin  by  crystal  accumulation  is 
not,  to  be  sure,  advocated  for  rocks  consisting  entirely  or  almost  entirely 
of  albite  or  closely  related  plagioclase,  but  with  increase  of  the  lime 
content  and  probably  from  andesine  on  to  anorthlte,  the  origin  by  crystal 
accumulation  becomes  increasingly  clear.  It  is  to  such  rocks  that  the 
term  anorthosite  is  ordinarily  applied  and  will  be  here  applied.  A  decade 
has  passed  since  the  probability  of  the  origin  of  anorthosite  by  crystal 
accumulation  was  first  clearly  set  down.  Petrologists  have  sought  dili- 
gently for  evidence  that  anorthosites  were  liquid  but  the  search  has  not 
been  attended  by  success.  No  glasses,  no  aphanites,  no  lava  flows  have 
been  found.  Vogt  has  noted  that  the  anorthosite  of  Ekersund  is  finer- 
grained  near  its  borders  and  interprets  this  as  due  to  contact  chilling  of 
a  completely  liquid  mass.  But  even  at  the  border  the  rock  is  coarse 
grained.^  If  due  to  chilling  and  not,  say,  to  granulation,  the  finer  grain 
of  the  border  may  be  the  result  of  restriction  of  the  further  outgrowth 
of  crystal  boundaries  in  a  mass  largely  crystalline.  Dikes  of  anorthosite 
have  been  found  by  diligent  search  but  they  are  excessively  rare, 
although  dikes  may  be  formed  from  a  nearly  crystalline  mass,  as 
demonstrated  In  the  study  of  perldotltes  given  on  an  earlier  page.  It  is 
to  be  noted  that,  in  considering  the  significance  of  such  intrusion  phe- 
nomena  as    anorthosite    may    display,    careful    consideration    must    be 

1  J.  H.  L.  Vogt,  Vidensk.  Sehk.  Skr.  I-  Mat.-Naturv.  Kl.,  1924,  No.  15,  p.  84. 
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given  to  the  purity  of  the  mass.  The  amount  and  nature  of  the  foreign 
material  may  be  such  as  to  permit  the  existence  of  a  moderate  amount 
of  liquid.  Thus,  in  discussing  a  Canadian  anorthosite,  Mavvdsley  points 
to  definite  evidence  of  the  intrusion  of  andesine  anorthosite  into  labra- 
dorite  anorthosite.  He  states  that  this  seems  "to  imply  that  the  andesine 
anorthosite  as  a  whole  did  exist  in  a  liquid  state  and  with  the  compo- 
sition of  andesine  anorthosite."'  But  while  this  is  a  possible  conclusion 
it  is  by  no  means  a  necessary  conclusion.  The  andesine  anorthosite  con- 
tains from  ^  to  17  and  exceptionally  even  25  per  cent  alkalic  feldspar. - 
It  could  have  had  10,  20,  perhaps  even  30  per  cent  liquid  at  a  tempera- 
ture at  which  many  syenites  are  still  liquid  and  such  quantities  of  liquid 
are  ample  to  explain  the  intrusion  phenomena  displayed,  especially  when 
protoclastic  structure  is  displayed  as  well.  After  deciding  that  "the 
andesine  anorthosite,  as  a  liquid,  may  have  advanced  to  its  present  posi- 
tion relative  to  the  surrounding  rocks"  Mawdsley  then  goes  on  to  say, 
"If  this  did  happen,  there  is  no  reason  for  supposing  that  the  earlier- 
formed,  labradorite  anorthosite  did  not  also  come  into  place  in  a  liquid 
condition."  But  the  one  does  not  necessarily  follow  from  the  other.  The 
facts  are  that  neither  anorthosite  can  be  regarded  as  belonging  in  a 
liquid  line  of  descent.  If  either  were  completely  liquid  it  must  have  been 
formed  by  accumulation  of  crystals  which  were  subsequently  remelted. 
The  difficulties  in  the  way  of  accepting  this  remelting  are  greater  for  the 
labradorite  anorthosite  than  for  the  andesine  anorthosite.  One  might 
thus  find  evidence  of  a  completely  liquid  condition  of  andesine  anortho- 
site without  any  necessity  that  associated  labradorite  anorthosite  should 
ever  have  been  In  a  similar  condition.  But  the  difficulties  In  the  way  of 
accepting  completely  liquid  andesine  anorthosite  are  themselves  suffi- 
ciently great  that,  unless  the  evidence  of  that  condition  is  absolutely 
unequivocal,  it  should  be  entertained  only  with  the  strongest  reserva- 
tions. It  is  not  too  much  to  demand  the  production  of  such  evidence. 
Every  rock  which  we  are  led  to  expect,  from  physico-chemical  considera- 
tions, as  a  member  of  the  liquid  lines  of  descent  promptly  justifies  our 
expectations  by  having  aphanitic  and  glassy  equivalents  and  by  occurring 
as  an  effusive.  The  persistent  failure  of  anorthosite  to  do  any  of  these 
things  can  only  be  regarded  as  due  to  the  fact  that  it  does  not  lie  in  any 
liquid  line  of  descent  and  is  not  the  result  of  remelting  of  accumulated 
crystals. 

The  protoclastic  structure  of  anorthosltes  is  very  important  In  indi- 
cating the  manner  and  conditions  of  their  Intrusion.  It  is  of  course 
{)ossIble  for  any  rock,  even  one  belonging  in  a  liquid  line  of  descent,  to 
suffer  movement   when   It   approaches   complete   crystallization   and    to 

1  J.  B.  Mawdsley,  Geol.  Surv.  Can.  Mem.   152,   1927,  p.  33. 

2  Mawdsley,  op.  cit.,  {).  24. 
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develop  a  protoclastic  structure.  But  of  no  such  rock  can  it  be  said  that 
a  protochistic  structure  is  an  almost  universal  character,  as  it  can  of 
anorthosite.  The  structure  is  evidence  of  the  fact  that  when  an  anortho- 
site  mass  moves  it  does  so  only  with  accompanying  granulation,  a  be- 
havior which  is  dis[)layed  by  the  dunite  of  Skye  when  it  occurs  as  dikes. 

A  NOTE  ON    "mAGMATIC  ORE   DEPOSITS" 

The  bodies  of  ilmenite  associated  with  anorthosite,  of  chromite  asso- 
ciated with  peridotite  and  similar  masses  of  ore  minerals  in  other 
associations  have  led  many  investigators  to  believe  in  the  injection  of 
liquid  of  the  composition  of  these  bodies.  When  one  objects  to  such  a 
conclusion  on  the  basis  of  the  excessively  high  temperatures  necessarily 
involved,  the  question  is  often  asked,  "But  could  you  not  have  such 
liquids  with  enough  volatile  components  to  lower  their  temperatures  of 
consolidation  to  a  reasonable  value?"  The  only  answer  is,  "Probably  you 
could,"  but  the  question  is  beside  the  issue.  The  appropriate  question  is 
not,  "Are  such  liquids  possible?"  but  rather,  "Have  such  liquids  any 
possible  provenance  in  Nature?"  None  has  ever  been  suggested.  Certain 
magmas  such  as  the  highly  silicic  or  highly  alkalic  are,  in  virtue  of 
their  character  as  residual  liquids,  the  natural  home  of  concentration 
of  volatiles.  But  the  oxide  ore  bodies,  like  the  ultrabasic  rocks,  are  a 
very  unnatural  place  to  expect  concentration  of  volatiles.  It  is  probable 
that  not  all  masses  of  the  oxide  ores  are  crystal  accumulations.  Some  are 
perhaps  the  result  of  a  secondary  rearrangement  of  the  rock  materials 
by  circulating  solutions,  but  that  any  of  them  are  the  result  of  the 
injection  of  a  molten  magma,  even  a  "wet"  magma,  is  exceedingly 
unlikely.  From  this  conclusion  some  sulphide  ore-bodies  may  be  excepted. 
Sulphide  mixtures  have  moderate  melting  temperatures.  The  liquids 
are  known  to  be  but  sparingly  miscible  with  silicate  liquids.  Sulphide 
liquids  may  separate  from  silicate  magmas,  carrying  with  them  only 
their  appropriate  share  of  the  volatile  components  in  their  partitioning 
between  the  two  liquids,  and  giving  thus  a  sulphide  liquid,  with  moder- 
ate amount  of  volatiles,  which  is  as  definitely  a  magma  as  the  associated 
silicate  magma.  To  the  accumulation  by  gravity  of  such  a  sulphide 
magma  and  occasionally  to  its  injection  into  surrounding  rocks  some 
sulphide  bodies,  especially  those  associated  with  norite,  have  been  re- 
ferred, probably  correctly.  There  are  evidences  of  the  effects  of  solutions 
in  the  formation  of  these  bodies  and  upon  these  much  stress  has  recently 
been  laid.  It  is  probable  that  these  are,  in  many  cases,  no  more  than  the 
effects  of  the  residual  solutions  existing  during  the  late  stages  of  the 
consolidation  of  the  sulphide  magma  and  strictly  comparable  with  such 
effects  in  the  associated  silicate  masses  during  the  late  stages  of  their 
consolidation. 
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ADDENDUM  TO  N.  L.  BOWEN'S  "ULTRABASIC  TYPES 
OF  THE  HEBRIDES"^ 

E.   B.    BAILEY 

In  August  1927  Bovven  published  a  very  suggestive  paper  entitled  The 
Origm  of  Ultrabasic  ami  Related  Rocks.  In  it  he  develops  the  view  that 
all  anorthosites  and  peridotites  have  originated  as  crystal  concentrates 
and  have  never  possessed  more  than  a  meagre  proportion  of  molten 
matrix.  Previous  to  complete  consolidation,  such  solid-liquid  emulsions 
might  be  fluid  enough  to  act  as  intrusions  under  favorable  conditions, 
and  yet  be  too  viscous  to  reach  the  surface.  Thus  Bowen  accounts  for 
the  absence  of  representatives  of  anorthosite  and  peridotite  amongst 
analyzed  lavas.  He  might,  perhaps,  have  emphasized  his  point  a  trifle 
by  adding  that  peridotitic  bombs  and  inclusions  ("olivine  nodules")  are 
well  known  in  certain  volcanic  fields. 

On  reading  Bowen's  article,  it  immediately  occurred  to  me  that  his 
theory  would  account  for  a  very  definite  feature  of  Carboniferous  and 
Permian  intrusion  history  in  Central  Scotland,  where  six  familiar  picrite 
sills  are  equipped  with  subordinate  marginal  layers  of  teschenite  or 
allied  dolerite.  These  picrite  sills  occur,  from  east  to  west,  at  Barnton, 
Inchcolm,  Blackburn  (two),  Lugar,  and  Ardrossan ;  and  exposures  are 
full  enough  in  every  case,  except  that  of  the  main  Blackburn  sill,  to 
pro've  that  the  marginal  teschenite  occurs  at  the  base  as  well  as  at  the 
top  of  each  composite  intrusion.  There  is  no  doubt  that  a  general  prin- 
ciple Is  involved.  Although  differently  constituted,  this  picrite-teschenite 
association  reminds  one  ot  hundreds  of  composite  minor  intrusions  of  the 
Tertiary  Hebridean  suite,  in  which  an  acid  interior  is  persistently  mar- 
gined by  subordinate  basalt.  H.  H.  Thomas  and  I  have  offered  an  expla- 
nation of  these  acid-basic  comnosite  intrusions,  suggesting  that  viscosity 
of  the  acid  magma,  when  confronted  with  a  cold  environment,  has  been 
a  controlling  factor.  Obviously  a  similar  explanation  would  account  for 
the  picrite-teschenite  association  if  one  could  only  be  sure  of  the  viscosity 
of  a  picrite  magma  under  "hypabyssal"  conditions.  I  confess  that  I  have 
for  years  expected  that  evidence  of  such  viscosity  would  eventually  be 
afforded.  Bowen's  paper  of  last  August  exactly  meets  the  case. 

I  wrote  to  Bowen  pointing  out  this  possible  application  of  his  views. 
He  replied :  "I  am  much  interested  in  your  conclusion  regarding  the 
picrite-teschenite  sills  and  agree  with  you  entirely.  In  fact  I  have  reached 
the  same  conclusion  regarding  the  peridotite  dikes  of  Skye.  .  .  .  This 
conclusion  I  have  had  written  up  for  some  time."  He  also  kindly  posted 
me  the  typescript  of  his  Ultrabasic  Types  of  the  Hebrides,  in  which  this 

1  Mr.  Bailey  long  since  had  this  note  readv  for  separate  publication  but  upon  learning  that  I  was 
working  on  similar  matters  he  was  unwilling  to  publish  it  prior  to  the  appearance  of  my  con- 
clusions. We  have  taken  the  present  method  of  obtaining  simultaneous  publication.  It  is  given 
here  without  change  of  any  kind  from  the  original   form. — N.L.B. 
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conception  is  developed  in  a  manner  which  speaks  for  itself.  My  con- 
tribution to  the  subject  therefore  takes  the  form  of  an  additional  list  of 
examples.  Presumably  any  other  geologist  who  has  worked  among  fairly 
coarse-grained  minor  intrusions  of  ultrabasic  composition  could  perform 
a  similar  service. 

It  should  be  explained  that  the  picrites  which  have  been  mentioned 
above  are  not  all  of  such  extreme  composition  that  they  cannot  be 
chemically  matched  amongst  lavas.  In  fact  analyses  show  that  some  of 
them  have  approximately  the  composition  of  nephellne  basalt.  They  are, 
however,  in  every  case  coarse-grained  rocks  for  which  it  is  easy  to  postu- 
late a  very  considerable  crystallization  of  the  type  Rosenbusch  has 
styled  "intratelluric."  They  are  therefore  likely  to  have  been  affected 
by  crystal  concentration  prior  to  final  intrusion. 

It  is  delightful  to  find  in  Bowen's  theory  of  peridotites  a  solution  of 
the  long-standing  picrite-teschenite  puzzle  of  Central  Scotland — though 
of  course  this  coincidence  does  not  in  itself  constitute  a  proof  of  the 
theory.  Let  us  hope  that  Bowen  may  return  to  Skye,  either  literally  or 
metaphorically,  and  furnish  us  with  a  similarly  constituted  story  of 
the  banded  xenolithic  peridotites  and  banded  gabbros^  of  that  glorious 
island.  Perhaps  he  has  already  some  such  contribution  to  petrology  in 
reserve.  It  is  obviously  a  field  of  research  where  experimental  analogies 
could  be  devised  to  work  under  everyday  conditions  of  temperature. 
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CHAPTER     X 

THE  EFFECTS  OF  ASSIMILATION 

ASA  rule  those  variations  of  igneous  rocks  which  have  been  brought 
/\  about  by  solution  of  foreign  material  have  been  treated  as  some- 
jL  a. thing  apart  from  the  effects  of  (fractional)  crystallization.  The 
solution  of  solid  rock  is,  however,  so  intimately  related  to  the  separation 
of  solid  crystals  that,  for  the  most  part,  assimilation  is  best  treated  as 
a  sort  of  corollary  of  crystallization  and  as  governed  by  the  same  gen- 
eral laws.  This  it  is  now  proposed  to  do. 

Many  igneous  rocks  contain  inclusions  of  foreign  material  and  not 
infrequently  these  inclusions  show  evidence  of  having  been  attacked  by 
the  magma,  some  to  a  moderate  extent  and  others  to  such  an  extent  that 
only  traces  of  the  inclusion  remain.  To  some  petrologists  these  inclusions 
are  but  the  remnant  of  a  great  host,  most  of  which  has  been  completely 
incorporated  in  the  magma,  and  to  such  incorporation  or  assimilation 
of  foreign  matter  they  would  assign  the  principal  variations  of  igneous 
rocks.  The  variations  are  not  usually  regarded  by  these  petrologists  as 
the  result  of  assimilation  alone  but  of  assimilation  followed  by  the  dif- 
ferentiation of  the  syntectic  magma  which  is  supposed  to  have  special 
powers  of  differentiation  not  possessed  by  the  original  magma.  Other 
petrologists  believe  that  magmas  cannot  be  expected  to  have  the  energy 
content  necessary  for  the  solution  of  a  significant  amount  of  foreign 
material ;  that  the  amount  of  solution  actually  observed  at  and  near 
contacts  is  an  approximate  measure  of  the  total  and  that  the  variations 
of  igneous  rocks  are  quite  independent  of  these  slight  additions,  being 
due  to  spontaneous  powers  of  differentiation  possessed  by  original,  un- 
contaminated  magmas. 

In  this  chapter  it  is  proposed  to  discuss  the  behavior  of  inclusions  with 
special  reference  to  these  questions.  By  application  of  the  principle  of 
the  reaction  series,  as  developed  in  Chapter  V,  it  is  hoped  to  effect  a  cer- 
tain amount  of  reconciliation  of  these  extreme  views. 

HEAT  EFFECTS  OF  SOLUTION 

Since  one  of  the  important  questions  involved  is  that  relating  to  the 
heat  effects  resulting  from  solution  it  is  desirable  to  consider  the  infor- 
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mation  available  on  these  effects.  The  ordinary  equilibrium  diagram, 
commonly  regarded  as  a  freezing-point  diagram,  is  at  the  same  time  a 
solubility  diagram.  It  gives  the  change  of  solubility  of  any  phase  with 
temperature.  But  the  change  of  solubility  with  temperature  depends 
mainly^  on  the  heat  effect  involved  in  solution,  and  the  equilibrium  dia- 
gram contains  complete  information  on  this  heat  effect.  Unfortunately 
the  information  may  be  very  difficult  of  extraction ;  in  the  present  state 
of  knowledge,  often  impossible.  One  solubility  diagram,  that  of  the 
plagioclase  feldspars,  has  proved  particularly  tractable  in  this  respect. 
This  diagram  has  been  shown  in  Fig.  9,  and  is  repeated  in  somewhat 
different  form  in  Fig.  46,  the  curves  being  calculated  on  the  basis  of 
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Fig.  46.     Equilibrium  diagram  of  the  plagioclase  feldspars.  The  small  circles  indi- 
cate determined  points.  ACB  and  ADB  are  calculated  curves  assuming  no  heat 

of  mixing. 


a  latent  heat  of  104.2  cal.  per  gram  for  anorthite  and  48.5  cal.  per  gram 
for  albite.  The  determined  points  are  given  by  the  small  circles  and  their 
correspondence  with  the  calculated  curves  is  very  remarkable.  Since  the 
curves  were  calculated  on  the  basis  of  constant  latent  heats  (solution 
heats)  this  correspondence  simply  means  that  there  are  no  mixing-heat 

1  The  volunnt  change  is  involved  also  but  is  relatively  unimportant. 
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effects  and  that  the  heat  of  solution  of  any  plagioclase  in  liquid  plagio- 
clase  is  simply  the  latent  heat  involved  in  the  change  from  solid  to 
liquid.^ 

In  Fig.  47  is  plotted  the  equilibrium  diagram  for  anorthite  and  diop- 
side.  Now   we  know   the   latent  heat  of   anorthite   from   the  calculated 
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Fig.  47.     Equilibrium  diagram  of  diopside  and  anorthite.  Determined  curves  in 
full  lines.  Broken  curves  calculated  on  the  assumption  of  no  mixing  heats. 

results  of  Fig.  46  and  we  may  calculate,  using  this  value,  a  curve  of 
freezing-point  depression  for  anorthite  according  to  the  equation  for 
ideal  concentrated  solutions,  viz. : 


T  — 
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—  Inx 


1  See   N.   L.    Bowen,    "Melting    Phenomena    of   tlie    Plagioclase    Feldspars,"    Ainer.    Jour.    Set.,    35, 
IQI3.  P-  590. 
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where  T  is  the  absolute  temperature  of  melting  (saturation)  of  anor- 
thite  in  a  solution  of  niol  fraction  x  in  anorthite ;  Q  is  the  latent  heat 
of  melting  per  mol  of  anortliite  (^  29,000  cal.)  and  Tq  its  melting-point 
(=:  1823).  As  a  result  of  this  calculation  tve  obtain  the  right-hand 
dotted  curve.  It  will  be  noted  that  the  determined  curve  corresponds 
with  the  calculated  dotted  curve  in  the  upper  portion  (as  far  as  about 
80  per  cent  anorthite)  and  then  falls  below.  In  other  words,  we  could 
have  calculated  the  latent  heat  of  anorthite  from  a  point  on  the  upper 
portion  of  the  determined  curve.  If  now  we  do  this  for  the  diopside 
curve,  that  is,  calculate  the  latent  heat  of  diopside  from  a  point  on  the 
upper  portion  of  its  solubility  curve,  we  tind  a  latent  heat  of  23,420  cal. 
per  mol  or  108  cal.  per  gram.^  Calculating  the  further  course  of  the. 
curve  with  the  use  of  this  value  we  obtain  the  dotted  curve.  This  calcu- 
lated curve  also  lies  above  the  determined  curve  at  points  distant  from 
pure  diopside.  There  is  one  factor  which  can  cause  such  a  deviation  of 
the  freezing-point  curve  from  the  theoretical  curve  of  the  above  equation, 
viz.,  a  heat  of  mixing  of  the  liquids,  and  Van  Laar  has  developed  an 
equation  which  enables  one  to  calculate  the  differential  heats  of  mixing 
involved.  The  equation  is 


1  + 
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where  a  and  r  are  coefficients  from  the  Van  der  Waals  equation  of  state 
for  binary  mixtures.  The  numerator  gives  the  number  of  times  the 
solution  heat,  at  the  concentration  x  and  temperature  T,  is  greater  than 
the  melting  heat  Q,  and  the  difference  between  this  and  Q  is  the  differ- 
ential heat  of  mixing."  Fr6m  this  equatiofi  we  find  the  following  values 
of  the  differential  heats  of  mixing  per  mol-  (q). 

'  TABLE  XIII 

MOI.AL   DIFFERENTIAL    HEATS    OF    MIXING    IN    ANORTHITE-DIOPSIDE    MIXTURES 

1  •   f  X  0.8        o.c        0.4       0.3f 

For  anorthite  I  q(^^,^)       100        600       1100       1250 

^      J.       .  ,       (  X  0.7  0.6?  

Ford.ops.de    }  ^  (^ah.)  120  340 

Now  these  differential  heats  of  mixing  are  the  heats  of  mixing  of  one 
mol  of  liquid  with  a  very  large  amount  of  solution  of  the  various  con- 

1  A  direct  determination  by  W.  P.  White  gave  106  ±    15  cal.  Anier.  Jour.  Set.,  28,  1909,  p.  486. 

2  Z.  physik.  Chem..  8,  1891,  p.  188. 
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centrations  referred  to.  These  in  themselves  have  no  particular  interest 
from  the  present  point  of  view  but  from  them  the  so-called  integral  heats 
can  be  calculated  by  a  graphical  method.  Roozeboom^  shows  that  if  the 
curve  of  integral  heats  of  mixing  is  plotted  against  mol  fractions  of 
the  components  then  the  intercept  (on  the  heat  axis)  of  the  tangent  to  the 
curve  gives  the  differential  heat  of  mixing  for  the  composition  repre- 
sented by  the  point.  Thus  in  Fig.  48  if  the  curve  ABC  represents  the 
heats  of  mixing  of  diopside  liquid  and  anorthite  liquid  in  various  pro- 
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Fig.  48.     Curve  of  integral  mixing  heats  of  diopside  and  anorthite  liquids  (ABC), 
showing  graphical  method  of  determining  integral  mixing  heats  from  differential 

mixing  heats. 


portions  to  form  one  mol  of  mixture,  then  the  differential  heat  of  mixing 
of  one  mol  of  anorthite  in  a  large  amount  of  liquid  of  the  mol  fraction 
x  is  given  by  the  intercept  on  CE  of  the  tangent  at  x.  Also  the  differ- 
ential heat  of  solution  of  diopside  in  this  same  mixture  is  given  by  the 
intercept  on  AD  of  the  same  tangent.  Now  in  our  particular  case  we 
have  determined  the  differential  heats  by  calculation  from  the  freezing- 
point  curves  and  we  wish  to  know  the  integral  heat.  This  is  the  reverse 
of  tiie  above  problem  and  while  not  as  straightforward  can  nevertheless 

1  Die  Heterogenen  Gleichgewichte,  Zweiter  Heft,  Erstcr  Teil  (1904),  pp.  287-90. 
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be  solved  in  the  same  way.  We  have,  fortunately,  for  the  composition  of 
the  eutectic,  the  differential  heats  of  mixing  for  both  diopside  and  anor- 
thite  which  completely  fixes  the  tangent  at  the  composition  of  the  eutectic. 
Fig.  48,  which  has  been  referred  to  for  purposes  of  illustration,  is  also 
the  actual  tigure  for  diopside  and  anorthite  determined  graphically  from 
the  calculated  differential  heats  of  Table  Xlil.  Thus  FG  is  the  tangent 
at  the  composition  of  the  eutectic  joining  the  value  of  the  differential 
heat  of  mixing  for  diopside  liquid  in  the  eutectic  with  differential  heat 
of  mixing  for  anorthite  liquid  in  the  eutectic  liquid.  'Fhis  fixes  immedi- 
ately that  the  integral  heat  of  formation  of  one  mol  of  the  eutectic  liquid 
from  its  liquid  components  is  650  cal.  Knowing  that  the  curve  of  integral 
heats  is  tangent  to  this  line  at  x  =:  0.65,  we  may  readily  draw  a  com- 
plete curve  (the  envelope  of  the  family  of  tangents)  that  satisfies  the 
known  values  of  the  differential  heats.  When  this  is  done  we  get  the  curve 
ABC.  This  curve,  then,  gives  us  directly  the  amount  of  heat  evolved 
when  liquid  anorthite  and  liquid  diopside  are  mixed  in  any  proportion. 
Thus  when  34  ^^ol  diopside  liquid  is  mixed  with  3^  mol  anorthite  liquid 
500  cal.  are  evolved.  The  maximum  amount  of  heat  per  mol  of  mix- 
ture (720  cal.)  is  evolved  when  about  0.047  mol  of  anorthite  liquid  is 
mixed  with  0.53  mol  of  diopside.  This  happens  to  be  about  equal 
weights,  so  that  the  maximum  amount  of  heat  is  evolved  when  about 
equal  weights  are  mixed  and  is  equal  to  about  3  cal.  per  gram  of  mix- 
ture. This  heat  is  sufficient  to  heat  the  mixture  about  10°. 

If  now  we  turn  to  the  equilibrium  diagram  of  diopside  and  albite  and 
calculate  a  curve  of  freezing-point  depression  for  diopside,  using  the 
value  of  the  latent  heat  found  from  the  anorthite  diagram,  we  find 
again  that  the  calculated  curve  coincides  with  the  observed  curve  in  its 
upper  portion  and  then  deviates  from  it  (Fig.  49),  but  in  this  case  in 
the  opposite  direction  to  that  found  for  the  other  diagram.  Again,  this 
deviation  can  be  interpreted  as  due  to  a  heat  of  mixing  of  the  liquid 
but  now  of  the  opposite  sign.  If  we  apply  the  Van  Laar  equation  we  can 
calculate  the  differential  heats  and  from  these  determine  graphically 
as  before  the  integral  heats  of  mixing.  Thus  we  get  Fig.  50. 

We  find,  then,  that  albite  liquid  and  diopside  liquid  mix  with  absorp- 
tion of  heat,  the  maximum  absorption  (790  cal.)  taking  place  when 
0.48  mol  albite  is  mixed  with  0.^2  mol  diopside.  This  also  is  about 
equal  to  3  cal.  per  gram  of  mixture. 

Assuming  that  the  theoretical  basis  of  our  calculations  is  to  be  relied 
upon  we  have  proved  that  anorthite  and  dio{)side,  both  characteristic 
molecules  of  basic  rocks,  mix  in  the  liquid  state  with  evolution  of  heat, 
whereas  albite,  one  of  the  most  characteristic  molecules  of  acid  rocks, 
mixes  with  diopside  in  the  liquid  state  with  absorption  of  heat  and 
with  anorthite   without   significant   heat   effect.   These    results   are   the 
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opposite  of  what  is  often  assumed  to  be  the  case.  Many  statements  are 
to  be  found  in  the  literature  to  the  effect  that  acid  and  basic  rock  ma- 
terial will  mix  with  evolution  of  heat.  There  is  nothing  in  the  results 
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Fig.  49.     Equilibrium  diagram  of  diopside  and  alblte.  Determined  curves  in  full 
lines.  Broken  curves  calculated  on  the  assumption  of  no  mixing  heats. 
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Fig.  50.     Curve  of  integral  mixing  heats  of  diopside  and  albite. 
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of  studies  of  phase  equilibrium  to  warrant  such  a  statement;  indeed, 
there  are,  as  we  have  seen  above,  good  reasons  for  doubting  it. 

Possibly  in  rare  cases,  where  more  fundamental  reactions  are  involved, 
greater  heats  of  mixing  are  available,  but  the  mixing  of  two  liquids  has, 
in  itself,  little  importance  in  petrogenesis.  Our  particular  interest  lies 
in  the  heat  effect  on  mixing  solid  rock-matter  with  liquid  magma.  In  that 
connection  the  heat  of  mixing  of  liquids  is  not  without  significance,  for 
the  heat  of  solution  of  a  solid  is  to  be  regarded  as  the  resultant  of  two 
heats,  the  heat  of  melting  of  the  solid  and  the  heat  of  mixing  of  the 
liquids.  Now  the  heats  of  mixing  that  we  have  calculated  above  are 
really  very  insignificant  as  compared  with  the  heats  of  melting  of  the 
solids,  and  the  heats  of  solution  of  the  solids  are,  therefore,  very  nearly 
equal  to  the  latent  heats  of  melting.  For  the  solution  of  solid  anorthite 
in  diopside  a  little  less  than  the  latent  heat  is  required,  for  the  solution 
of  solid  albite  in  diopside  a  little  more  than  the  latent  heat  is  required. 
The  differences  are  noteworthy  in  connection  with  any  theory  that 
postulates  an  evolution  of  heat  when  an  acid  rock  is  immersed  in  basic 
magma,  but  for  the  purposes  of  the  present  inquiry  which  seeks  to  find 
merely  the  order  of  magnitude  of  the  heat  effect  when  solid  rock  is  added 
to  magma,  we  may  state  that  the  heat  of  solution  of  solid  anorthite, 
albite,  or  diopside  in  any  liquid  mixture  of  them  is  substantially  equal 
to  the  latent  heat  of  melting.  Moreover  it  is  probably  true  of  silicates 
in  general  that  the  solution  of  the  solid  is  attended  by  a  large  absorption 
of  heat,  though  not  many  determinations  lend  themselves  to  interpreta- 
tion in  the  same  way  as  the  above.  Thus  when  one  attempts  similar 
calculations  from  the  equilibrium  of  anorthite  with  nephelite  and  of 
anorthite  with  silica  it  is  found  necessary  to  assume  molecular  associa- 
tion in  nephelite  and  silica,  and,  while  this  is  not  surprising  since  both 
occur  in  more  than  one  crystal  form,  it  nevertheless  so  complicates  the 
case  that  interpretation  becomes  impossible.  One  thing  is  certain,  namely, 
that  all  the  solubility  curves  of  silicates  yet  determined  show  a  marked 
increase  of  solubility  with  temperature,  which  means  a  strong  absorp- 
tion of  heat  upon  solution.  No  example  of  retrograde  solubility  is  known. 
In  conclusion,  then,  we  may  state  that  the  solution  of  a  silicate  in  a 
magma  is  usually  accompanied  by  a  large  absorption  of  heat,  probably 
of  the  order  of  magnitude  of  the  heat  of  melting. 

THE   QUESTION    OF    SUPERHEAT 

Having  thus  arrived  at  a  general  conception  of  the  heat  required  for 
solution  we  may  consider  the  question  of  the  heat  available.  One  aspect 
of  this  is  concerned  with  the  superheat  of  the  magma,  that  is,  the 
excess  of  temperature  above  that  at  which  crystallization  begins.  Some- 
where within  the  earth  there  is  material   (whether  a  rigid  liquid  or  a 
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crystalline  solid  we  need  not  here  consider)  which  is  capable  of  becoming 
fluent  liquid.  If  the  action  is  a  remelting  of  crystals  by  release  of  pres- 
sure there  could  be  no  superheat.  At  great  depths  there  may  be  exces- 
sively hot  material  capable  of  giving  excessively  hot  liquid,  but  this 
is  hardly  concerned  with  matter  that  ever  comes  to  the  light  of  day  as 
an  igneous  rock.  There  must  be  a  transition  zone,  representing  a  pas- 
sage from  stable  crystal  material  incapable  of  becoming  magma,  through 
a  zone  capable  of  giving  magma  with  some  suspended  crystalline  mat- 
ter, to  a  zone  capable  of  giving  a  completely  molten  magma.  It  is  from 
the  zone  giving  rise  to  magma  with  some  suspended  crystals,  rather  than 
from  the  zone  giving  a  simple  liquid,  that  we  must  expect  the  great 
upwellings  of  magma  to  come,  because  of  the  advanced  position  of  the 
partly  crystalline  material  with  respect  to  an  action  producing  such 
upwelling  and  because  it  may  be  readily  mobile  when  the  amount  of 
suspended  crystals  is  small.  As  the  magma  rises  in  the  crust  several 
factors  may  combine  to  reduce  the  amount  of  crystals.  Among  these 
factors  is  the  increased  solubility  of  the  crystals  resulting  from  the 
lowered  pressure,  for  the  solution  of  silicates  usually  takes  place  with 
increase  of  volume.  Besides  this  there  may  be  an  actual  addition  of  heat 
as  a  result  of  the  Joule-Thomson  effect^  and  of  possible  exothermic 
reactions  ensuant  upon  reduced  pressure.  It  is  probable  that,  in  the  usual 
case,  the  magma  still  retains  some  crystals  even  when  it  rises  to  shallow 
depths  within  the  crust  for,  though  the  intensity  of  the  above  actions  is 
thereby  increased,  it  is  also  passing  into  colder  and  colder  surroundings 
and  must  lose  a  corresponding  amount  of  heat.  It  is  possible  that  in  some 
cases  a  magma  may  have  lost  all  its  crystals  by  the  time  it  has  risen  to 
shallow  depths  and  perhaps  may  have  a  temperature  above  the  satura- 
tion temperature  under  the  conditions  there  prevailing.  However,  even 
if  we  make  the  liberal  assumption  that  it  is  superheated  100°  (say  its 
temperature  is  1100°  and  the  saturation  temperature  1000°)  and  that 
this  condition  is  acquired  when  it  has  reached  a  level  ^  km.  below  the 
surface,  it  should  be  noted  that  the  mere  immersion  of  blocks  of  country 
rock  amounting  to  about  10  per  cent  of  the  mass  of  magma  would  be 
sufficient  to  wipe  out  this  superheat,  for  the  original  temperature  of 
blocks  even  at  this  quite  considerable  depth  would  be  only  200°. 

This,  too,  is  quite  apart  from  the  amount  of  heat  that  must  be  lost 
by  the  magma  in  heating  up  a  large  amount  of  wall  rock  other  than  the 
immersed  fragments.  If  we  consider  greater  depths,  where  the  surround- 
ings would  be  at  a  higher  temperature,  it  must  be  remembered  that  we 
are  thereby  limiting  the  amount  of  superheatthat  may  have  been  acquired 
as  a  result  of  those  processes  attendant  upon  the  rise  of  the  magma  and 
proportional  in  amount  to  the  extent  of  rise. 

1  L.   H.  Adams,  Hull.  Geol.  Soc.  Amer.,  33,   1922,  p.    144. 
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It  is  plain  tiiat  there  can  seldom  be  more  than  a  very  small  amount  of 
superheat  left  after  the  heating  up  of  immersed  fragments.  Occasion- 
ally, perhaps,  such  small  amounts  may  be  available  for  the  direct 
solution  of  fragments  but  it  would  require  only  an  excessively  small 
amount  of  solution  to  use  up  this  heat,  a  fact  that  becomes  apparent 
when  the  enormous  discrepancy  between  the  specific  heats  of  silicate 
liquids  (0.2-0.3  cal.)  and  the  solution  heats  of  silicates  (50-125  cal.) 
is  realized. 

We  have  thus  deduced,  from  general  considerations,  that  magmas 
cannot  be  expected  to  have  much  superheat  and  in  particular  that  they 
cannot  retain  a  significant  amount  after  the  immersion  of  foreign  frag- 
ments in  such  quantity  that  an  important  effect  upon  the  composition 
of  the  magma  would  ensue  if  solution  did  occur.  This  deduction  need 
not  be  regarded  as  contradictory  to  the  observed  fact  that  on  very  rare 
occasions  inclusions  of  foreign  rock  have  been  found  converted  into  glass 
by  magmas  and  that  the  measured  temperatures  of  lavas  at  certain  active 
volcanoes  are  sometimes  high  enough  to  indicate  a  condition  probably 
significantly  above  that  of  beginning  of  crystallization.  It  is  becoming 
increasingly  apparent  that  in  central  volcanoes  there  are  sources  of 
heat,  probably  from  exothermic  gas  reactions,  that  are  capable  of  pro- 
ducing the  temperatures  observed,  but  these  must  be  regarded  as  locally 
concentrated  where  the  gases  have  their  vent.  Moreover,  inclusions  con- 
verted to  glass  are  found  most  commonly  in  such  extrusive  rocks.  Even 
their  rare  appearance  in  intrusive  masses  need  not  militate  against  the 
general  conclusion  reached,  for,  given  the  proper  contrast  of  composi- 
tion, some  fusion  may  occur  when  the  magma  is  not  superheated,  a  fact 
which  will  be  brought  out  in  the  sequel.  Admitting  a  certain  amount  of 
superheat,  the  first  few  inclusions  added  would  receive  the  full  benefit 
of  it  and  might  be  fused,  but  the  magma  would  suffer  a  correspondingly 
marked  loss  of  heat.  In  other  words,  the  net  result  of  the  addition  of  an 
amount  sufficient  to  produce  a  significant  change  of  composition,  say 
10  per  cent,  would  be  the  same  even  though  they  were  added  slowly  and 
the  first  additions  were  drastically  affected.  Not  only  do  magmas  com- 
monly fail  to  convert  inclusions  into  liquid  but  they  also  fail  to  effect 
such  changes  as  the  transformation  of  quartz  into  tridymite  and  of 
woUastonite  into  pseudo-wollastonite,  which  fact  must  be  regarded  as 
indisputable  evidence  of  the  prevailing  low  temperatures. 

There  seems  no  reason,  therefore,  to  doubt  that  direct  solution  of 
foreign  material  in  superheated  magmas  cannot  be  a  factor  of  impor- 
tance in  petrogenesis.  However,  the  importance  of  superheat  has  been 
greatly  exaggerated  both  by  those  who  adhere  to  the  view  that  magmas 
dissolve  large  quantities  of  foreign  matter  and  by  those  who  deny  it.  We 
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shall  find  in  the  sequel  that  even  saturated  magmas  may  produce  very 
marked  effects  in  the  way  of  incorporation  of  foreign  material. 

EQUILIBRIUM    EFFECTS    BETWEEN    "INCLUSIONS"    AND    LIQUIDS 
IN    INVESTIGATED   SYSTEMS 

In  the  following  discussion  of  the  effects  of  liquids  upon  inclusions, 
whose  composition  is  embraced  within  investigated  systems,  attention 
will  be  confined,  unless  otherwise  stated,  to  saturated  liquids.  This  is 
done  because  we  have  found  in  the  foregoing  discussion  that  the  super- 
heated condition  has  little  importance  in  nature.  But  lest  it  be  thought 
that  this  is  going  too  far  in  the  way  of  eliminating  superheat  we  have 
made  another  assumption  that  should  amply  compensate,  namely,  that 
the  inclusions  are  already  heated  to  the  temperature  of  the  liquid  before 
immersion  in  it. 

It  is  proposed  to  discuss  the  magnitude  of  the  heat  effects  involved 
when  reactions  go  on  between  solid  inclusions  and  liquid  in  systems  that 
have  been  experimentally  investigated  and  where  the  equilibrium  rela- 
tions at  various  temperatures  and  the  approximate  heat  effects  are 
known.  It  is  not  expected  that  the  numerical  results  so  obtained  will  have 
any  direct  applicability  to  natural  magmas,  but  it  is  hoped  that  some 
principles  of  general  significance  may  be  thereby  brought  to  light. 

As  a  beginning  we  shall  refer  to  equilibrium  in  the  plagioclase  feld- 
spars which  is  given  in  Fig.  46.  In  the  figure  we  note  that  liquid  of  com- 
position Abj^An^  begins  to  crystallize  with  the  separation  of  crystals  of 
composition  about  Ab^An^.  As  the  cooling  proceeds,  if  perfect  equili- 
brium obtains,  the  crystals  will  be  made  over  by  the  liquid  so  that  the 
composition  of  the  crystals  changes  along  the  curve  ACB.  It  is  plain, 
then,  that  if  one  had  a  mass  of  liquid  Ab^An^  at  1450°,  that  is  just 
saturated,  and  added  to  this  mass  some  crystalline  material  of  the  com- 
position Ab^An^  (already  heated  to  14^0°)  which  we  shall  now  call 
foreign  inclusions,  the  liquid  would,  if  perfect  equilibrium  were  attain- 
able, make  over  these  inclusions  as  the  temperature  fell  so  that  their 
composition  followed  the  curve  ACB.  How  much  of  this  work  the  liquid 
will  be  able  to  accomplish  in  any  individual  case  will  depend  on  such 
factors  as  the  size  of  the  inclusions,  their  permeability  to  the  liquid,  and 
the  rate  of  cooling,  but  the  tendency  is  very  plain.  We  can  thus  have  a 
liquid  exerting  a  marked  influence  upon  inclusions  even  though  these  are 
precisely  of  the  composition  in  equilibrium  with  the  liquid,  provided 
the  solid  is  a  member  of  a  solid  solution  series.  It  should  be  noted,  how- 
ever, that  this  action  is  without  effect  on  the  course  of  the  liquid.  The 
composition  of  the  liquid  follows  the  curve  ADB  whether  the  inclusions 
are  present  or  not.  The  career  of  the  liquid  may,  however,  be  brought 


i86  THE  E\'0LUT10N  OF  IGNEOUS  ROCKS 

sooner  to  a  close  as  a  result  of  reaction  with  the  inclusions,  that  is,  the 
liquid  may  be  entirely  used  up  at  a  somewhat  higher  temperature. 

We  may  now  examine  the  case  of  adding  to  the  plagioclase  liquid  some 
solid  plagioclase  more  calcic  than  that  with  which  the  liquid  is  in  equi- 
librium. To  50  g.  liquid  AbjAn^  at  1450°  (just  saturated)  let  us  add 
50  g.  solid  AbjAn^,  already  heated  to  1450°.  Equilibrium  will  be  estab- 
lished, if  the  temperature  is  kept  constant,  only  when  the  solid  is  com- 
pletely changed  to  that  with  which  the  liquid  is  in  equilibrium,  Ab,An.,. 
Since  the  total  composition  is  represented  by  the  point  K  we  can  easily 
determine  the  proportions  of  liquid  and  crystals.  There  will  be  33  per 
cent  liquid  of  composition  Ab^An^^  and  67  per  cent  plagioclase  of  compo- 
sition Ab^An^.  We  have  now  ^4  g.  An  and  13  g.  /\b  in  the  crystalline 
state.  We  had  formerly  only  45'  g.  anorthite  and  5  g.  ablite.  Equilibrium 
will  therefore  be  established  with  evolution  of  heat  to  the  amount  of 
9  X  104.2  -f-  8  X  48.5  cal.  In  order  to  keep  the  temperature  constant, 
then,  we  should  have  to  abstract  132^  cal.  If, on  the  other  hand, no  heat 
were  abstracted  the  temperature  would  rise  somewhat  and  equilibrium 
would  be  established  at  a  slightly  higher  temperature.  For  the  particular 
case  we  have  assumed  we  may  readily  calculate  that  equilibrium  would 
be  established  at  about  145'8°,  when  the  mass  would  consist  of  about 
62  per  cent  crystals  of  composition  Ab,  An-.  Even  when  the  reaction  takes 
place  adiabatically,  there  is  an  increase  in  the  proportion  of  crystals. 
The  reaction  is  in  no  sense  a  solution  of  foreign  material.  Rather  by  a 
making  over  of  the  foreign  material  it  becomes  no  longer  foreign  but 
identical  with  the  crystalline  matter  with  which  the  liquid  is  in  equi- 
librium. Moreover,  if  the  orieinally  foreign  matter  is  more  calcic  than 
the  crystals  with  which  the  liquid  is  in  equilibrium  the  reaction  is  an 
exothermic  one.  How  much  of  this  reaction  would  take  place  in  any 
individual  case  cannot  be  predicted.  It  will  depend  upon  rate  of  cooling 
and  other  factors  that  readily  suggest  themselves,  but  there  is  plainly  a 
tendency  toward  such  a  reaction  and  the  reaction  is  exothermic. 

Let  us  now  examine  somewhat  more  minute'y  into  the  cause  of  this 
exothermic  reaction  and  we  shall  find  that  it  is  due  to  a  general  principle 
and  is  not  dependent  upon  the  particular  properties  of  the  plaeioclase 
series  discussed.  During  the  crystallization  of  a  plagioclase  mixture  a 
small  decrement  of  temperature  results  in  the  reaction: 

plagioclase  +  liquid  =^  a  little  more  plagioclase  of  somewhat  more  sodic 
composition. 

Since  this  is  an  equihhrhnn  reaction  taking  place  with  falling  tempera- 
ture, it  must  be  exothermic.  When  we  add  the  plagioclase  AbjAn^  to 
liquid  AbjAUj  we  merely  integrate  this  reaction  over  the  temperature 
range  1^00°-14^0°  and  the  composition  range  AbjAn„-Ab,An.,.  Thus  we 
could  start  with  a  liquid  of  composition  Ab,An-,  permit  it  to  crystallize 
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until  at  1500°  the  crystals  would  be  of  the  composition  AbjAn^,  filter 
off  the  crystals,  permit  the  liquid  to  cool  to  1450°,  when  it  would  attain 
the  composition  Abj^An,,  and  then  add  the  foreign  crystals  AbjAUg  that 
we  filtered  off.  It  is  plain  that  we  would  have  available  by  the  making 
over  of  these  crystals  at  1450°  all  the  heat  that  would  have  been  evolved 
between  1500°  and  1450°  by  the  continuous  process  of  making  over  of 
these  crystals  had  they  been  left  in  contact  with  the  liquid.  Though  we 
have  used  the  plagioclase  series  as  an  illustration,  it  is  clear  that  the 
exothermic  reaction  taking  place  at  1450°  is  merely  a  deferred  result  of 
the  principle  of  Le  Chatelier  which  states  that  an  equilibrium  reaction 
proceeds,  with  falling  temperature,  in  the  direction  resulting  in  evolu- 
tion of  heat.  It  is  a  perfectly  general  property  of  any  solid  solution 
series  that  if,  at  any  temperature,  crystals  which  are  at  equilibrium  with 
liquid  at  a  higher  temperature  are  added  to  saturated  liquid,  the  reaction 
which  ensues  between  liquid  and  crystals  is  exothermic. 

The  case  of  the  addition  of  an  inclusion  of  composition  nearer  the 
low  temperature  (more  sodic)  end  of  the  solid  solution  series  may  now 
be  examined.  A  liquid  of  composition  Ab^An^  is  just  saturated  at  1490°. 
We  cannot  add  to  it  a  more  sodic  solid  inclusion  at  the  same  tempera- 
ture because  any  more  sodic  inclusion  will  be  liquid  at  this  temperature. 
But  if  we  add  inclusions  of  AboAn,  at  such  a  temperature  that  they  are 
solid,  say  at  1200°,  it  is  plain  that  the  actual  temperature  of  the  liquid 
is  adequate  to  melt  these  inclusions;  the  only  question  is  the  source  of 
the  quantit)^  of  heat.  The  liquid  must,  of  course,  be  cooled  off  in  supply- 
ing the  heat  required  to  heat  up  the  inclusions,  but,  since  the  liquid  is 
saturated,  it  cannot  be  cooled  without  some  crystallization  taking  place. 
However,  it  will  take  a  very  small  amount  of  crystallization  to  supply 
the  heat  necessary  to  heat  up  a  considerable  amount  of  inclusions.  The 
enormous  discrepancy  between  the  specific  heats  of  silicates  and  their 
solution  heats  is  plainly  of  double  significance  in  connection  with  these 
problems.  Not  only  can  the  heat  necessary  to  heat  up  the  inclusions  be 
supplied  by  crystallization  of  some  of  the  liquid,  but  so  also  can  the  heat 
required  to  melt  the  inclusions.  To  accomplish  this  it  will  require,  how- 
ever, the  formation  of  crystals  approximately  equal  in  amount  to  the 
amount  of  inclusions  melted.  If  we  added  20  per  cent  of  inclusions  of 
AboAnj  at  1200°  to  a  liquid  of  composition  AbjAn,  at  1490^^  we  would 
obtain  (assuming  that  these  thermal  adjustments  took  place  very  rapidly 
compared  with  concentration  adjustments)  a  mass  of  liquid  about 
(Ab.,An..)  containing  in  it  about  20  per  cent  of  crystals  of  the  kind  in 
equilibrium  with  it  (about  Ab,An-)  and  containing  also  the  inclusions 
converted  to  liquid,  the  whole  at  a  temperature  of  about  1470°.  There  is 
no  objection,  therefore,  to  the  conversion  of  an  inclusion  into  liquid  if 
the  inclusion  is  sufficiently  contrasted  with  the  magma  in  composition 
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in  the  proper  direction  ;  nor  is  such  melting  of  an  inclusion  to  be  regarded 
as  evidence  of  superheat  in  the  magma. 

This  condition,  in  which  liquid  inclusions  are  contained  in  the  magma, 
is  of  course  a  temporary  one  and  it  is  rather  the  end  result  that  has  par- 
ticular significance  in  petrogenesis.  Final  adjustment  of  concentration 
takes  place  by  formation  of  a  single  homogeneous  liquid  and  adjustment 
of  the  composition  of  the  crystals  to  that  in  equilibrium  with  this  liquid. 
This  necessitates  a  further  drop  in  temperature  to  about  1460°  where 
the  whole  mass  consists  of  the  liquid  Ab^gAngr,  containing  somewhat  less 
than  20  per  cent  crystals  of  the  composition  about  Ab^An^.  Thus  the 
net  result  of  the  addition  of  inclusions  of  composition  more  sodic  than 
the  liquid  is  that  the  inclusions  become  a  part  of  the  liquid  and  at  the 
same  time  calcic  crystals  are  formed  in  amount  slightly  less  than  the 
amount  of  inclusions  added,  the  heat  needed  in  order  to  make  the  inclu- 
sions part  of  the  liquid  being  supplied  by  the  formation  of  crystals.  In 
the  sense  that  they  become  a  part  of  the  liquid  the  inclusions  are  dis- 
solved, but  the  process  is  not  simply  the  formation  of  a  liquid  whose 
composition  is  the  sum  of  that  of  the  magma  and  the  inclusions. 

Let  us  now  observe  how  these  effects  are  carried  over  into  more  com- 
plex systems.  Fig.  51  is  the  equilibrium  diagram  of  the  system  diopside : 
anorthite:  albite  for  which  we  have  discussed  the  heat  quantities  on  an 
earlier  page  and  found  that  the  solution  heat  of  any  solid  phase  can 
be  regarded  as  substantially  equal  to  its  latent  heat  of  melting.  A  liquid 
of  composition  A  is,  at  1250°,  just  saturated  with  plagioclase  of  compo- 
sition Ab^An4  approximately.  If  foreign  inclusions  consisting  of  the 
plagioclase  AbjAUg  were  added  to  this  liquid  we  would  have  an  effect 
strictly  analogous  to  that  described  for  simple  plagioclase  mixtures. 
The  liquid  would  tend  to  make  the  inclusions  over  into  AbjAn^  which 
takes  place  with  evolution  of  heat.  If  the  rate  of  withdrawal  of  heat  were 
very  slow  this  reaction  might  result  in  an  actual  rise  of  temperature  and 
the  establishment  of  equilibrium  at  the  higher  temperature  where  the 
plagioclase  crystals  would  be  slightly  more  calcic  than  Ab^Anj.  If  the 
liquid  A  had  come  into  being  as  a  result  of  the  partial  crystallization 
of  another  liquid,  and  if  it  carried  plagioclase  crystals  suspended  in  it 
that  showed  zoning,  the  addition  of  the  foreign  inclusions  mentioned 
might  therefore  result  in  a  reversal  of  the  zoning. 

The  "attack"  of  the  liquid  upon  the  inclusions  would  be  facilitated 
at  the  margins  and  along  any  channels  where  the  inclusion  happened 
to  be  more  readily  penetrated.  The  replacement  of  a  small  unit  of 
AbjAn^  by  Ab^An^  means  a  large  local  increase  of  volume  so  that  the 
action  is  bound  to  have  a  disintegrating  effect  upon  an  inclusion  sus- 
pended in  liquid.  Thus  the  material  of  the  inclusion,  as  it  is  gradually 
made  over,  tends  to  become  strewn  about  in  the  surrounding  liquid  but 
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there  is  no  actual  solution,  no  increase  in  the  amount  of  liquid — in- 
deed, there  is  a  diminution.  Such  should  be  the  behavior  of  an  inclu- 
sion richer  in  calcic  plagioclase  than  the  crystals  with  which  the  liquid 
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Fig.  51.     Equilibrium  diagram  of  diopside,  anorthite  and  albite. 


was  in  equilibrium.  At  a  later  point  it  will  be  shown  that  the  observa- 
tions of  many  petrographers  upon  actual  rock  inclusions  strongly  sug- 
gest just  such  an  action. 

If  we  turn  now  to  inclusions  of  plagioclase  less  calcic  than  the  crystals 
with  which  the  liquid  is  in  equilibrium  we  find  that  quite  a  different 
condition  obtains.  We  may  begin  with  the  liquid  A,  again  at  1250°,  and 
add  to  it  foreign  inclusions  of  AbjAUj  already  heated  to  1250°.  It  will  be 
noted  that  we  are  adding  plagioclase  of  the  same  composition  as  that 
in  the  liquid  since  liquid  A  is  a  mixture  of  Ab^An^  and  diopside.  Sup- 
pose that  the  reaction  takes  place  at  first  between  a  thin  layer  of  liquid 
adjacent  to  the  inclusion  and  an  equal  weight  of  the  peripheral  part  of 
the  inclusion.  The  composition  of  this  reacting  mass  is  then  to  be  rep- 
resented by  the  point  Y.  Suppose  further  that  the  reacting  mass  is  a  very 
small  portion  of  the  total   so  that  no  significant  drop   of  temperature 
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occurs,  for  in  this  case  the  reaction  absorbs  heat.  Equilibrium  will  be 
established  in  this  reacting  layer  sensibly  at  1250°  when  the  composition 
of  the  crystalline  outer  crust  of  the  inclusion  is  Ab.,An-  (L)  and  that  of 
the  adjacent  thin  layer  of  liquid  is  M,  which  is  a  mixture  of  Ab.An,  and 
diopside.  If  the  general  cooling  of  the  liquid  were  proceeding  rapidly  so 
that  this  condition  were  "frozen-in"  we  would  have  a  central  core  of 
unaltered  inclusion  of  composition  Ab^An,,  an  altered  crust  of  the 
inclusion  of  composition  Ab,An-,  a  reaction  rim  (formerly  liquid)  about 
this,  consisting  of  a  mixture  of  diopside  and  Ab^Anj,  all  surrounded  by 
the  main  mass  consisting  of  a  mixture  of  diopside  and  Ab,An^.  The  re- 
action rim  is  not  intermediate  in  composition  between  the  inclusion  and 
the  main  mass,  nor  yet  between  the  altered  crust  of  the  inclusion  and  the 
main  mass.  This  is  a  commonly  observed  feature  of  reaction  rims  and  has 
been  referred  to  "selective  diffusion,"  an  explanation  which  is  correct  but 
rather  misleading.  The  effect  is  really  due  to  equilibrium  effects  between 
the  inclusion  and  the  liquid  and  such  diffusion  as  occurs  is  selective  only 
because  equilibrium  selects  certain  constituents  to  become  part  of  the 
liquid  and  others  to  be  fixed  in  the  solid  phase.  In  the  case  we  have 
described,  more  sodic  plagioclase  is  emphasized  in  the  new  liquid  formed 
and  more  calcic  plagioclase  is  emphasized  in  the  solid  product.  We  shall 
find  it  to  be  a  general  result  of  reactions  of  this  kind  that  the  liquid  should 
be  enriched  in  the  constituents  toward  the  low  temperature  end  of  a  solid 
solution  series  and  the  solid  in  those  toward  the  high  temperature  end. 

We  have  seen,  then,  that  even  when  we  add  inclusions  of  a  plagioclase 
of  the  same  composition  as  the  plagioclase  existing  as  liquid  in  the 
magma,  quite  marked  reaction  effects  may  be  found. 

Let  us  now  examine  the  same  example  but  make  the  cooling  of  the 
liquid  very  slow.  In  other  words,  we  shall  discuss  the  end  result  of  the 
action  described  above,  which  gives  a  reaction  rim  only  as  a  temporary 
condition.  In  this  case  we  shall  imagine  that  the  liquid  formed  about  the 
inclusion  becomes  a  part  of  the  main  mass  of  liquid  as  a  result  of  diffu- 
sion and  convection,  and  also  that  the  solid  products  of  the  reaction 
become  distributed  through  the  liquid  upon  disintegration  of  the  inclu- 
sion, due  to  the  formation  of  local  pockets  of  liquid  and  to  the  volume 
changes  taking  place  in  the  change  of  composition  of  the  solid  phase. 
Thus  the  inclusion  completely  disappears  as  a  distinct  entity.  Let  us 
imagine  that  the  amount  of  the  inclusions  was  10  per  cent  of  the  total 
and  determine  what  the  effect  on  the  mass  as  a  whole  will  be.  The  bulk 
composition  of  the  mass  is  represented  by  the  point  K  and  if  the  tem- 
perature were  maintained  at  1250°  the  inclusions,  formerly  Ab^Anj, 
would  be  changed  to  crystals  of  a  composition  close  to  Ab,An^  and  the 
liquid  would  acquire  the  composition  P.  The  crystals  would  amount  to 
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only  about  6  per  cent  of  the  mass  and  to  maintain  the  temperature  con- 
stant would  require  addition  of  heat.  If  the  only  heat  available  were 
that  of  the  mass  itself  its  temperature  would  be  lowered  and  a  slightly 
greater  amount  of  crystals  formed.  The  net  result  would  be,  however, 
a  marked  change  in  the  composition  of  the  inclusions,  a  moderate  de- 
crease in  the  actual  amount  of  solid  material  with  corresponding 
increase  in  the  amount  of  liquid.  The  liquid,  too,  becomes  more  albitic, 
that  is,  is  pushed  onward  upon  its  normal  crystallization  course. 

If,  instead  of  inclusions  of  Ab^An,,  more  sodic  inclusions  were  added, 
say  Ab.An^,  there  would  be  a  somewhat  greater  increase  in  the  amount 
of  liquid  and  a  markedly  greater  enrichment  of  the  liquid  in  more  albitic 
plagioclase.  Inclusions  as  rich  in  alblte  as  Ab.oAnj  might  be  completely 
melted  by  the  liquid  before  becoming  a  part  of  the  general  liquid,  their 
melting  being  accomplished  by  precipitation  of  more  basic  plagioclase. 

Summing  up  the  result  of  adding  to  a  liquid  various  members  of  a 
solid  solution  series  with  which  it  is  saturated  we  find  that,  if  the  added 
inclusion  is  nearer  the  high  temperature  end  of  the  series  than  the 
crystals  with  which  the  liquid  is  saturated,  the  reaction  is  such  as  to 
decrease  the  amount  of  liquid  and  is  exothermic.  If  the  inclusion  is 
nearer  the  low-temperature  end  of  the  series  than  the  crystals  with  which 
the  liquid  is  saturated,  the  reaction  is  such  as  to  increase  slightly  the 
amount  of  liquid  and  is  endothermic.  The  liquid,  too,  is  enriched  in 
this  case  in  the  constituents  of  the  low-temperature  end  of  the  crystalli- 
zation series.  Even  inclusions  consisting  of  the  precise  crystals  with 
which  the  liquid  is  in  equilibrium  must  react  with  the  liquid  as  the  tem- 
perature falls. 

Whatever  the  composition  of  the  inclusions,  then,  the  liquid  may 
show  very  marked  effects  upon  them  even  though  it  is  saturated,  and 
consequently  such  effects  would  not  constitute  evidence  of  superheat. 
A  little  consideration  will  show,  too,  that  these  reactions  have  no  signifi- 
cant effect  upon  the  course  of  the  liquid.  Regarding  the  progress  of  the 
liquid  as  resulting  from  fractional  crystallization,  the  liquid  will  in  all 
cases  run  along  the  boundary  curve  (ED)  as  the  temperature  falls.  The 
point  it  will  eventually  reach  on  this  curve  will  depend  upon  the  per- 
fection of  fractionation,  which  in  turn  depends  upon  the  rate  of  cooling. 
Inclusions  of  the  more  calcic  kind  tend  to  limit  the  career  of  the  liquid 
by  using  it  up,  but  at  the  same  time  furnish  heat  that  tends  to  slow  up 
the  rate  of  cooling.  Inclusions  of  the  more  sodic  kind  tend  to  push  the 
liquid  onward  upon  its  course  of  crystallization,  but  hasten  the  cooling. 
The  original  unaffected  liquid  has  all  the  differentiation  potentialities 
that  the  liquid  has  after  entering  into  the  reactions  mentioned. 
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RKACTION   SERIES 

In  the  discussion  relative  to  liquids  of  the  diopside :  anorthite :  albite 
system  nothing  has  been  said  regarding  the  effect  of  adding  solid  diop- 
side to  liquids  saturated  with  diopside  for  the  reason  that  there  is  no 
effect.  The  solid  diopside  simply  remains  as  such  on  account  of  its  being 
a  pure  compound  of  definite  composition.  But  rock-forming  minerals  are 
seldom  so  simple.  Quartz  is  the  only  important  example  of  a  rock  min- 
eral of  definite  com[)osition,  practically  all  others  being  of  a  variable 
nature,  that  is,  solid  solutions.  The  rock-forming  pyroxenes  do  not  fall 
behind  in  this  respect  and  the  addition  of  pyroxene  to  a  natural  magma 
saturated  with  pyroxene  would  in  general  be  attended  by  reaction 
phenomena  similar  to  those  we  have  described  for  the  plagioclases.  The 
precise  nature  of  the  reactions  in  the  case  of  the  pyroxenes  cannot  be 
stated  except  for  the  clino-enstatite-diopside  solid  solution  series.  (Figs. 
18-20). 

In  Chapter  V  we  have  discussed  solid  solution  series  and  offered 
reasons  for  calling  them  continuous  reaction  series.  The  importance  of 
the  reaction  relation  between  liquid  and  crystals  was  there  discussed 
in  its  bearing  on  crystallization.  Here  we  have  seen  its  importance  in 
connection  with  the  behavior  of  inclusions. 

There  is  another  type  of  reaction  relation  between  liquid  and  crystals 
that  is  exhibited  in  the  reaction  pair  and  the  discontinuous  reaction 
series.  The  existence  of  such  series  is  again  of  great  significance  in  con- 
nection with  the  behavior  of  inclusions.  An  important  reaction  pair  are 
the  olivine,  forsterite,  and  the  pyroxene,  clino-enstatite.  Their  relation 
is  exhibited  in  its  simplest  form  in  the  binary  system,  forsterlte-silica,  of 
which  the  equilibrium  diagram  is  shown  in  Fig.  52.  The  effect  of  adding 
crystals  of  the  first  member  of  a  reaction  pair  to  a  liquid  saturated  with 
the  second  member  is  well  illustrated  by  this  system.  A  liquid  of  compo- 
sition (M)  is  saturated  with  clino-enstatite  but  lies  on  the  unsaturated 
side  of  the  metastable  prolongation  of  the  forsterite  liquidus.  It  is  there- 
fore unsaturated  with  forsterite  and  we  may  imagine  that  around  each 
added  forsterite  crystal  a  small  quantity  of  liquid  of  composition  (N)  may 
form.  This  condition  is,  however,  metastable  and  from  this  liquid  clino- 
enstatite  would  immediately  be  precipitated  with  formation  of  the  liquid 
(M).  Through  constant  repetition  of  this  formation  from  forsterite  of 
an  infinitesimal  quantity  ojf  the  metastable  liquid,  with  immediate  pre- 
cipitation of  clino-enstatite,  the  forsterite  is  converted  into  clino-enstatite. 
Effectively,  then,  the  liquid  (M)  is  supersaturated  with  forsterite.  It 
cannot  dissolve  forsterite  but  can  only  convert  it  into  clino-enstatite,  the 
phase  with  which  it  is  saturated.  This  principle  is  capable  of  general 
application  and  we  may  state  that  a  liquid  saturated  with  any  member 
of  a  discontinuous  reaction  series  is  effectively  supersaturated  with  all 
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higher  members  of  the  series ;  it  cannot  dissolve  them  but  can  only  con- 
vert them  into  the  phase  with  which  it  is  saturated. 

In  connection  with  the  specific  case  we  have  discussed,  it  should  be 
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Fig.  52.     Lower  temperature  portion  of  the  equilibrium  diagram,  forsterlte-silica. 


noted  that  the  amount  of  cllno-enstatite  formed  is  not  simply  the  chem- 
ical equivalent  of  the  forsterite  changed.  The  chemical  equivalent  would 
be  somewhat  less  than  one  and  one-half  times  the  forsterite,  whereas  the 
amount  of  clino-enstatite  formed  is  much  greater,  being  in  fact  about  five 
times  the  amount  of  forsterite.  In  other  words,  the  action  is  not  simply  an 
addition  of  silica  to  the  forsterite,  with  consequent  impoverishment  of 
the  liquid  in  silica,  for  the  liquid  cannot  have  silica  subtracted  from 
it  without  passing  under  the  clino-enstatite  saturation  curve,  that 
is,  without  precipitating  clino-enstatite.  In  order  to  convert  the  forsterite 
inclusions  into  clino-enstatite,  the  liquid  must  precipitate  a  large  amount 
of  clino-enstatite  from  its  own  substance,  and  the  action  uses  up  a  large 
amount  of  the  liquid.  The  liquid  left  has,  however,  in  this  binary  case, 
the  same  composition  as  the  initial  liquid,  if  the  temperature  is  kept  con- 
stant. The  liquid  is  not  at  all  desilicated,  even  though  it  has  caused  the 
conversion  of  the  inclusions  into  a  more  siliceous  phase.  By  precipitation 
of  the  phase  with  which  it  is  saturated,  it  has  adjusted  its  composition 
in  such  a  way  as  to  remain  on  the  same  saturation  curve.  This  again 
is  a  principle  that  can  be  applied  in  general  to  the  reaction  between 
a  liquid  and  inclusions  belonging  at  an  earlier  stage  of  the  reaction  series 
than  the  phase  with  which  the  liquid  is  saturated. 
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Further  considerations  relative  to  this  reaction  pair  will  be  developed 
in  connection  with  their  behavior  in  the  more  complex  liquids  contain- 
ing anorthite  as  worked  out  by  Andersen^  and  shown  in  Fig.  53-  From 
this  figure  we  may  very  readily  predict  what  would  happen  to  "inclu- 
sions" of  the  various  solid  phases  immersed  in  liquid.  Let  us  take  first 
a  liquid  just  saturated  with  forsterite   (say  M   at    145'0°).  Ordinarily 
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Fig.  53.     Equilibrium  diagram  of  tlie  system,  anorthite-forsterite-silica 
(after  Andersen). 


crystals  of  forsterite  would  separate  first;  they  would  then  react  with 
liquid  to  form  pyroxene ;  pyroxene  would  continue  to  separate  for  a 
time  and  would  then  be  joined  by  silica;  finally,  at  the  ternary  eutectic 
1222°,  anorthite  would  join  these,  and  the  product  would  consist  of 
pyroxene,  silica,  and  anorthite.  If  to  the  original  liquid  some  "foreign 
inclusions"  of  forsterite  were  added,  the  liquid  would,  on  cooling,  at- 
tempt to  make  the  forsterite  over  into  pyroxene,  but  now  there  would  not 

1  "The  System  Anorthite-Forsterite-Silica,"  Amer.   Jour.  Sci.,  39,   IQlJ,   p.  440. 
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be  enough  liquid  to  accomplish  this  entirely,  and  it  would  be  used  up 
at  1260°  while  there  was  still  some  forsterite  left;  so  that  the  solidified 
mass  would  now  consist  of  pyroxene,  forsterite,  and  anorthite.  Thus  we 
see  that  even  though  it  is  precisely  the  substance  with  which  the  liquid 
is  in  equilibrium,  the  addition  of  forsterite  has  a  considerable  effect  upon 
the  crystalline  product  formed.  The  exact  effect  is  a  tendency  to  limit 
the  scope  of  the  products  to  the  early  members  of  the  crystallization 
sequence.  In  this  case,  silica,  a  later  member  of  the  sequence,  does  not 
appear.  It  is  plain,  too,  that  the  effect  does  not  depend  on  the  particular 
properties  of  this  reaction  pair  and  that  we  may  conclude  that  it  would 
be  true  of  any  discontinuous  reaction  series.  We  have  already  seen  that 
the  same  effect  is  found  in  the  continuous  reaction  series  (solid  solution 
series).  We  may  state  it  as  a  general  law  therefore  that  a  saturated  liquid 
in  any  system  dominated  by  reaction  series  will  not  remain  indifferent 
to  inclusions  even  of  the  exact  composition  with  which  it  is  in  equi- 
librium, and  that  the  effect  of  the  addition  of  such  inclusions  is  a  ten- 
dency to  limit  the  scope  of  the  crystalline  products  to  adjacent  members 
of  the  reaction  series  involved. 

Let  us  now  examine  what  happens  when  inclusions  of  an  early  mem- 
ber of  a  discontinuous  reaction  series  (or  reaction  pair)  are  added  to 
a  liquid  saturated  with  a  later  member.  The  liquid  F  is  just  saturated 
with  clino-enstatite  at  1450°.  If  it  is  cooled,  clino-enstatite  will  separate 
first,  it  will  later  be  joined  by  silica  and  then  by  anorthite,  when  the 
whole  mass  will  solidify  at  1222°.  But  if  inclusions  of  forsterite  are 
added  to  this  liquid  it  will  instantly  start  to  react  with  these  inclusions 
and  make  them  into  the  mineral  with  which  it  is  saturated,  viz.,  clino- 
enstatite.  If  there  is  perfect  opportunity  for  reaction  we  may  readily  pre- 
dict what  the  end  result  will  be  for  varying  amounts  of  added  inclusions. 

Suppose  first  that  the  amount  of  inclusions  was  such  as  to  give  a  total 
composition  represented  by  the  point  K.  The  liquid  would  then  be  com- 
pletely used  up  by  the  reaction  while  some  inclusions  yet  remained,  so 
that  the  finally  solidified  mass  would  consist  of  forsterite,  clino-enstatite, 
and  anorthite.  If,  on  the  other  hand,  the  amount  of  inclusions  was  such 
as  to  give  a  total  composition  represented  by  the  point  L,  all  the  inclu- 
sions would  be  changed  to  clino-enstatite  while  some  liquid  yet  remained, 
and  this  liquid  would  then  pass  onward  to  the  deposition  of  silica  and 
anorthite  in  the  ordinary  way.  Thus  the  addition  of  inclusions  of  this 
kind,  if  in  sufficient  quantity,  restricts  the  career  of  the  liquid  and  con- 
fines the  crystalline  products  to  adjacent  members  of  the  reaction  series. 

It  is  perhaps  not  necessary  to  add  that  if  the  liquid  did  not  react  with 
the  inclusions  no  effect  on  the  course  of  the  liquid  would  ensue. 

Just  as  was  the  case  in  the  binary  system,  the  liquid  is  not  desilicated 
by  this  addition  of  silica  to  the  forsterite  inclusion,  but  by  precipitating 


196  THE  EVOLUTION  OF  IGNEOUS  ROCKS 

an  appropriate  amount  of  the  phase  with  which  it  is  saturated  (clino- 
enstatite),  it  maintains  its  position  on  the  same  (clino-enstatite)  satura- 
tion surface. 

Nothing  has  been  said  of  the  heat  effect  of  this  reaction  and  it  has 
been  tacitly  assumed  that  the  temperature  remains  constant.  The  reac- 
tion is,  in  fact,  exothermic,  as  can  be  readily  shown  by  applying  the 
same  reasoning  as  was  applied  to  the  similar  case  in  a  continuous  reac- 
tion series.  If  no  heat  were  abstracted  from  the  system  it  would  heat 
itself  up  and  equilibrium  would  be  established  at  a  slightly  higher  tem- 
perature with  a  somewhat  more  magnesian  liquid  than  the  initial  liquid. 
But  the  formation  of  this  somewhat  more  magnesian  liquid  is  not  prop- 
erly to  be  taken  as  an  indication  that  the  net  result  of  the  process  is 
a  direct  solution  of  some  of  the  inclusions.  A  direct  solution  of  inclusions 
would  mean  a  decrease  in  total  solids  and  an  increase  in  liquid,  whereas 
the  reaction  referred  to  results  in  a  diminution  in  the  amount  of  liquid 
and  a  corresponding  increase  in  the  amount  of  solids  even  >vhen  this 
heating  effect  takes  place.  If  heat  is  being  taken  from  the  system  this 
process  would  act  as  a  deterrent  upon  the  rate  of  cooling. 

All  of  these  effects  we  have  found  to  be  true  of  analogous  inclusions 
in  the  case  of  the  continuous  reaction  series. 

There  is  yet  to  be  examined  the  example  in  which  a  late  member  of 
a  discontinuous  reaction  series  is  added  to  a  liquid  saturated  with  an 
early  member.  To  the  liquid  P  at  1500°,  where  it  is  just  saturated  with 
forsterite,  inclusions  of  clino-enstatite  are  added  in  an  amount  sufficient 
to  give  a  total  composition  Q  (about  20  per  cent).  If  the  temperature 
were  kept  constant  equilibrium  would  be  established  when  the  mass 
consisted  of  4  per  cent  forsterite  and  96  per  cent  liquid,  that  is,  the 
inclusions  have  been  changed  into  the  phase  with  which  the  liquid  is 
saturated  and  there  has  been  an  increase  in  the  amount  of  liquid.  In 
order  to  effect  this  change  heat  would  have  to  be  added  to  the  system. 
If  the  system  is  self-contained,  that  is,  if  the  only  heat  available  is  the 
heat  of  the  system  itself,  a  cooling  would  result  and  this  would  necessi- 
tate the  crystallization  of  a  further  amount  of  forsterite  until  the  neces- 
sary heat  was  supplied  by  this  crystallization  and  the  cooling  of  the 
mass.  The  net  result  would  depend  entirely  on  the  relative  heats  of 
solution  of  forsterite  and  clino-enstatite  in  the  liquid.  These  are  prob- 
ably of  the  same  order  of  magnitude,  so  that  equilibrium  would  be  estab- 
lished at  about  147 'f°  when  the  mass  consisted  of  10  per  cent  forsterite 
and  90  per  cent  liquid  approximately.  The  net  result,  then,  has  been  the 
conversion  of  the  inclusions  added  (clino-enstatite)  into  the  phase  with 
which  the  liquid  is  saturated  (forsterite),  an  enrichment  of  the  liquid 
in  the  material  added,  with,  at  the  same  time,  a  pushing  onward  of  the 
liquid  along  its  usual  course  of  crystallization.  Or  it  could  be  stated 
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that  the  inclusions  pass  into  solution  by  precipitating  their  heat  equiva- 
lent of  the  phase  with  which  the  liquid  is  saturated.^  This,  then,  is  the 
result  of  adding  inclusions  which  belong  to  a  discontinuous  reaction 
series  and  are  later  in  that  series  than  the  phase  with  which  the  liquid 
is  saturated.  It  is  sensibly  the  same  result  as  that  obtained  in  the  cor- 
responding case  in  the  continuous  reaction  series. 

EFFECTS  OF  MAGMA  UPON   INCLUSIONS  OF  IGNEOUS   ORIGIN 

In  the  development  of  the  conception  of  the  reaction  series  it  was 
shown  that  these  series  are  very  prominent  in  rocks.  An  attempt  was 
made  to  arrange  the  minerals  of  rocks  as  reaction  series  and  it  was  found 
that  there  are,  toward  the  basic  end  of  rock  series,  two  fairly  distinct 
reaction  series  that  finally  merge  into  one  in  the  more  acid  rocks.  This 
was  expressed  diagrammatically  in  Table  II,  p.  60. 

On  the  basis  of  the  principles  that  we  have  found  to  govern  the  be- 
havior of  inclusions  belonging  to  reaction  series  we  may  deduce  with 
considerable  confidence  the  effects  of  liquid  upon  inclusions  in  this 
more  complex  series. 

It  may  be  stated  immediately  that  any  magma  will  tend  to  make  inclu- 
sions over  into  the  phase  or  phases  with  which  it  is  saturated,  in  so  far 
as  the  composition  of  the  inclusions  will  permit.  It  may  be  stated  also 
that  any  magma  saturated  with  a  certain  member  of  a  reaction  series 
is  effectively  supersaturated  with  all  higher  members  of  that  reaction 
series.  It  cannot,  in  any  sense,  dissolve  inclusions  of  such  higher  mem- 
bers but  can  only  react  with  them  to  convert  them  into  that  member  of 
the  reaction  series  with  which  it  is  saturated,  often  by  passing  through 
other  members  of  the  series  as  intermediate  steps.  The  material  used  to 
effect  these  changes  cannot  be  regarded  as  simply  subtracted  from  the 
liquid,  for  the  liquid  is  not  free  to  become  impoverished  in  any  random 
substance.  In  general,  impoverishment  in  any  substance  will  cause  the 
liquid  to  pass  within  a  region  of  saturation  and  induce  the  precipitation 
of  some  of  the  phases  with  which  the  liquid  is  saturated. 

Let  us  take,  for  example,  a  magma  saturated  with  biotite,  say,  a  grani- 
tic magma.  This  magma  is  effectively  supersaturated  with  olivine, 
pyroxene  and  amphibole  and  cannot  dissolve  them  in  spite  of  the  marked 
contrast  of  composition,  which  is  often  supposed  to  be  an  aid  to  the 
solution  of  inclusions.  But  the  magma  can  and  will  react  with  these 
minerals  and  convert  them  into  biotite,  usually  by  steps.  The  subtraction 
of  material  necessary  to  produce  biotite  will  cause  the  precipitation  of 
the  minerals  with  which  the  magma  is  saturated  until  either  the  liquid 
or  the  Inclusions  are  used  up  or  the  reaction  Is  brought  to  an  end  on 
account  of  mechanical  obstruction. 

1  This  is  only  approximately  true,  for  equilibrium  is  always  established  at  a  somewhat  lower 
temperature  and  the  cooling  of  the  mass  supplies  a  little  of  the  heat. 
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Similarly,  granitic  magma  saturated  with  an  acidic  plagioclase  cannot 
dissolve  basic  plagioclase  but  can  only  react  with  it  and  convert  it  into 
more  acid  plagioclase. 

These  remarks  are  tantamount  to  the  statement  that  saturated  granitic 
magma  cannot  dissolve  inclusions  of  more  basic  rocks.  The  magma  will, 
however,  react  with  the  inclusions  and  eifect  changes  in  them  which  give 
them  a  mineral  constitution  similar  to  that  of  the  granite.  These  changes 
will  often  be  accompanied  by  disintegration  of  the  inclusions  and  the 
strewing  about  of  the  products  which  may  be  indistinguishable  from  the 
ordinary  constituents  of  the  granite.  The  inclusions  may  thus  become 
completely  incorporated  though  not  in  any  sense  dissolved.  It  is  this 
action  of  magmas  upon  inclusions  that  makes  particularly  diiiicult  the 
problem  of  distinguishing  xenolith  from  autolith,  i.e.,  accidental  inclu- 
sion from  cognate  inclusion.  V.  M.  Goldschmidt  had  previously  deduced 
from  the  doctrine  of  differentiation  by  crystallization  as  given  by  me 
that  salic  magmas  were  saturated  with  the  materials  of  basic  rocks.  In 
applying  this  fact  to  the  explanation  of  sharp  boundaries  he  does  not 
appear  to  have  appreciated  the  full  possibilities  of  reaction.  The  con- 
siderations just  outlined  show  that  in  all  cases  sharp  boundaries  must 
be  due  to  rapid  cooling  and  consequent  inadequate  time.^ 

Whatever  origin  one  may  assign  to  a  granitic  magma — let  it  be  formed 
by  differentiation  of  more  basic  magma,  by  differentiation  of  syntectic 
magma  or  by  palingenesis  of  sediments — there  seems  no  escape  from 
the  conclusion  that  it  will  normally  be  saturated.  The  normal  effect  of 
granite  upon  more  basic  inclusions  should  therefore  be  such  as  has  been 
outlined  above.  Thus  we  find  that  Fenner,  in  describing  the  action  of 
granitic  magma  on  basic  bands  in  an  injection  gneiss,  says,  "In  other 
places  the  dark  minerals  appear  to  have  been  taken  up  or  digested  by 
the  magma  and  to  have  crystallized  out  again  in  large  blades.  Even  in 
the  latter  case  it  is  not  always  certain  that  perfect  solution  has  been 
effected  at  any  one  time.  The  process  may  have  been  rather  in  the  nature 
of  a  chemical  reaction  with  the  original  minerals  or  the  solution  and 
redisposition  of  a  portion  of  the  material  at  a  time,'-  leaving  the  general 
relations  undisturbed.  This  possibility  is  suggested  by  the  fact  that  fre- 
quently even  the  coarser  micaceous  blades  or  aggregates  of  dark  min- 
erals show  evidence  of  parallelism  and  this  would  be  difficult  to  account 
for  under  the  supposition  that  solution  was  so  perfect  that  the  original 
structure  was  completely  wiped  out."^  Here,  apparently,  we  have  a  good 
example  of  the  transformation,  by  reaction  rather  than  solution,  of  the 
dark  bands  into  mica-rich  material,  mica  being  the  dark  mineral  with 

1  Vidensk.  Selsk.  Skr.  J.  Mai.-Naturv.  Kl.,   1916,  No.  2,  pp.  9i-3- 

3  Note  discussion  on  p.   192. 

3  C.  N.  Fenner,  "The  Mode  of  Formation  of  Certain  Gneisses   in  the   Highlands  of  New  Jersey, 

Jour.  GeoL,  22.  1914,  pp.  602-3. 
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which  the  magma  is  saturated.  The  change  of  serpentine  into  biotite  as 
observed  by  Gordon  at  the  borders  of  granitic  pegmatites  is  precisely 
the  action  to  be  expected. '^ 

V,  M.  Goldschmidt  describes  the  strewing  about  of  the  minerals  of 
a  basic  hornfels  in  magmas  of  the  Christiania  (Oslo)  region.  He  says, 
"This  strewing  about  hardly  has  its  origin  in  a  solution  of  the  minerals 
and  their  later  separation.  Had  solution  occurred  the  grains  would  not 
have  retained  their  original  forms  and  they  would  have  differed  in  com- 
position from  the  minerals  of  the  hornfels."  Near  the  border  of  an 
apophysis  of  the  nordmarkite,  grains  of  diopside  from  the  hornfels 
are  surrounded  by  a  rim  of  aegirite.  In  the  center  of  the  apophysis  the 
aegirite  has  no  core  of  diopside. - 

In  the  foregoing  discussion  granitic  magma  has  been  taken  merely 
as  an  example  to  which  the  principles  developed  may  be  applied.  As  a 
further  example  it  may  be  pointed  out  that  saturated  dioritic  magma 
cannot  dissolve  inclusions  of  gabbro,  peridotite  or  pyroxenite  but,  given 
the  opportunity,  it  will  react  with  those  inclusions  and  convert  them  into 
the  hornblende  and  the  plagioclase  with  which  it  is  saturated,  at  the 
same  time  precipitating  a  further  amount  of  this  hornblende  and  plagio- 
clase from  its  own  substance. 

These  are  but  examples  of  the  application  of  the  principle  that  a  satu- 
rated magma  cannot  dissolve  inclusions  of  material  farther  back  in  the 
reaction  series  (in  general  more  basic)  than  the  crystals  with  which  it  is 
saturated,  but  the  magma  can  attack  these  inclusions,  reacting  with 
them  in  such  a  manner  as  to  convert  them  into  the  crystals  with  which 
it  is  saturated. 

The  dioritic  magma  we  have  considered  will  not  remain  indifferent 
to  inclusions  even  of  the  exact  composition  of  the  crystals  with  which 
it  is  in  equilibrium,  for  as  the  temperature  falls  it  will  modify  the 
composition  of  these  inclusions  just  as  it  modifies  the  composition  of  its 
own  crystals.  Indeed  this  case  may  be  regarded  as  a  special  case  of  that 
just  discussed,  for,  as  the  temperature  falls,  the  composition  of  the 
liquid  changes,  and  the  inclusions  then  pass  into  the  class  of  those  con- 
sidered above. 

We  now  come  to  the  case  of  inclusions  of  material  later  in  the  reaction 
series  than  the  crystals  with  which  the  liquid  is  saturated.  It  should  be 
noted  that  this  includes  masses  of  rock  of  the  same  composition  as  the 
liquid  itself,  for  example  its  own  chilled  border  phase. 

Saturated  basaltic  magma  can  react  with  inclusions  of  igneous  rocks 
later  in  the  reaction  series  (in  general  more  acid)  in  such  a  way  that 
the  inclusions  become  part  of  the  liquid,  crystals  of  the  phases  with 

1  "Desilicated  Granite  Pegmatites,"  Proc.  Acad.  Nat.  Sci.  Phila.,  Part  I  (1921).  P-   169. 

2  V.  M.  Goldschmidt,  "Die  Kontaktmetamorphose  im  Kristianiagebiet,"  Vtdensk.  Selsk.  Sir.  J.  Mat. 
SatUTV.  Kl.,  1911,  No.  1,  pp.  107-8. 
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which  the  basalt  is  saturated  being  [)recipitated  at  the  same  time.  If  these 
crystals  are  removed  by  gravity  or  otherwise,  the  action  on  the  inclusions 
may  continue,  the  liquid  changing  in  composition  toward  the  composition 
of  the  inclusions  and  precipitating  later  and  later  members  of  the  re- 
action series  until  finally  it  is  saturated  with  precisely  the  crystalline 
phases  contained  in  the  inclusions.  If  granitic  inclusions,  say,  were  avail- 
able at  the  upper  contact  of  a  mass  of  basaltic  magma,  they  would  be 
attacked  by  the  magma  in  the  manner  noted  and,  in  a  lower  layer,  accu- 
mulation of  the  precipitated  products  of  the  reaction  would  take  place. 
These  would  be  the  early  crystals  formed  in  basaltic  magma.  The 
upper  liquid  is  thus  gradually  changed  in  composition  and  the  crystals 
precipitated  from  it  are  successively  later  and  later  members  of  the 
reaction  series.  Attack  upon  the  inclusions  continues  until  finally  the 
upper  liquid  becomes  granitic.  All  of  this  depends  on  a  rate  of  cooling 
slow  enough  for  free  crystal  settling  to  occur.  But  if  the  cooling  is  suffi- 
ciently slow  for  crystal  settling  all  of  these  results  could  accrue  from 
the  simple  differentiation  of  the  basaltic  magma.  Indeed  the  principles 
developed  show  that  the  inclusions  can  become  part  of  the  liquid  only 
when  they  have  a  composition  toward  which  the  composition  of  the  liquid 
can  vary  by  spontaneous  differentiation. 

Nevertheless  it  is  apparent  that  the  amount  of  granitic  differentiate 
might  be  greatly  augmented  by  this  action.  It  may  safely  be  assumed 
therefore  that  in  many  individual  cases  considerable  quantitative  impor- 
tance in  the  production  of  a  granitic  differentiate  of  basic  magma  is  to  be 
assigned  to  the  action  noted.  It  is  a  sort  of  solution  of  granitic  inclusions 
though  not  a  simple,  direct  solution  and  is  in  no  sense  essential  to  the 
production  of  a  granitic  differentiate. 

Daly  is  of  the  opinion  that  many  granites  are  secondary,  that  is,  are 
formed  by  solution  of  granite  in  basaltic  magma  and  subsequent  dif- 
ferentiation.^ It  is  seen  from  the  above  that  theoretical  considerations 
support  belief  in  a  process  which,  in  its  results  at  least,  is  practically 
that  advocated  by  Daly.  The  process  itself  he  considers  to  be  rather 
a  simple  solution  of  granite  in  superheated  basaltic  magma.  We  have 
seen  that  no  superheat  is  necessary  to  produce  solution  by  a  sort  of 
reactive  process.  Moreover,  we  have  seen  that  the  incorporated  granitic 
material  is  to  be  regarded  rather  as  a  contribution  to  the  normal  granitic 
differentiate.  There  appears,  however,  to  be  no  reason  to  doubt  that, 
at  times,  this  contribution  might  equal  or  possibly  even  exceed  in 
amount  the  granitic  differentiate  capable  of  formation  from  the  un- 
contaminated  magma.  The  limiting  factors  are  principally  mechanical 
rather  than  thermal  or  chemical  and  are  very  difficult  to  evaluate.  It 

1  Indeed,  Daly  derives  in  this  manner  all  granites  except  a  supposed  original  granitic  sliell  of 
the  earth  (Igneous  Rocks  and  Their  Origin,  p.  323). 
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should  be  noted,  in  particular,  that  the  combination  which  is  most  favor- 
able for  significant  effects  in  the  way  of  reactive  solution,  viz.,  decidedly 
acid  inclusions  and  decidedly  basic  magma,  is  unfavorable  in  another 
respect.  The  inclusions  will  be  lighter  than  the  magma  and  will  not  tend 
to  sink  in  it,  whereas  it  is  the  sinking  of  inclusions  through  the  magma 
which  favors  particularly  notable  reaction  effects  since  it  continually 
brings  new  magma  into  contact  with  the  inclusions. 

As  an  example  of  the  effect  of  basic  magma  on  more  acid  igneous 
inclusions  basaltic  magma  and  granitic  inclusions  have  been  taken. 
Between  such  extremes  the  more  marked  effects  should  be  obtained,  but 
it  cannot  be  doubted  that  any  basic  magma  can  dissolve,  by  the  same 
reactive  process,  inclusions  of  a  rock  later  in  the  reaction  (crystalliza- 
tion) series.  Direct  melting  of  granitic  inclusions  to  masses  of  liquid  by 
basaltic  magma  is  a  definite  possibility  in  small  amount  but  it  is  a  tran- 
sient condition  which  must  soon  give  place  to  the  reactive  solution  pro- 
cess above  described. 

EFFECTS   OF  MAGMA  ON   INCLUSIONS  OF   SEDIMENTARY  ORIGIN 

The  general  problem  of  the  effects  of  magma  upon  inclusions  of  sedi- 
mentary origin  is  much  more  difficult  than  the  similar  problem  in 
connection  with  igneous  inclusions.  Sedimentary  rocks  have  their  com- 
positions determined  by  processes  wholly  independent  of  igneous  action 
and  do  not  correspond  in  composition  with  the  products  precipitated 
from  magmas  at  any  stage  of  their  career,  that  is,  cannot  be  placed 
definitely  in  the  reaction  series.  However,  certain  minerals  that  can  be 
formed  in  magmas  do  occur  in  the  sedimentary  rocks  and  often  the  com- 
position of  a  sediment  is  such  that  by  mere  heating  it  can  be  transformed 
into  an  aggregate  made  up  exclusively  or  almost  exclusively  of  igneous 
rock  minerals.  Again  sediments  exhibit  extremes  of  composition,  being 
very  rich  in  calcium  carbonate,  aluminum  silicate  or  silica  itself,  and 
these  present  a  special  problem.  Yet  it  is  perhaps  not  generally  realized 
how  much  even  of  these  extreme  sediments  might  be  incorporated  in  an 
igneous  rock  without  changing  its  mineralogy.  The  fact  is  an  obvious 
deduction  from  the  equilibrium  diagram  of  any  investigated  three  com- 
ponent system  and  it  is  equally  true  of  a  more  complex  system.  Fig.  54 
shows  the  solid  phases  formed  immediately  upon  complete  consolidation 
of  any  mixture  of  CaO,  AloO..  and  SiO^.  A  mixture  of  composition  (A) 
consists,  upon  complete  consolidation,  of  anorthite,  wollastonite,  and 
gehlenite,  one-third  of  each.  One  may  add  to  this  mixture  any  amount 
of  CaO  up  to  about  15  per  cent  of  itself,  without  changing  the  mineral 
composition  of  the  consolidated  product.  Similar  amounts  of  either 
AI0O3  or  SiOo  might  be  added,  the  only  change  in  all  cases  being  in  the 
relative  amounts  of  the  minerals,  not  in  the  kind  of  minerals,  A  certain 
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amount  of  change  In  the  order  of  separation  of  the  minerals  would  be 
effected  but  the  temperature  of  final  consolidation,  the  composition  of 
the  final  liquid  and  the  possible  differentiates  that  might  be  formed 
by  fractional  crj^stallization  would  in  all  cases  remain  as  before.  Only 
when  amounts  are  added  in  excess  of  those  mentioned  will  a  new  crys- 
talline phase  appear  and  new  fractionation  possibilities  enter. 

There  are,  however,  certain  mixtures  in  the  system  that  will  imme- 
diately present  a  new  phase  upon  addition  of  the  slightest  amount  of 
CaO,  AI..O3,  or  SiOo.  Such  is  the  mixture  (B)  which  consists,  on  con- 
solidation, of  anorthite  and  wollastonite,  one-half  of  each.  The  addi- 
tion of  either  CaO  or  ALO3  will  bring  in  the  new  phase,  gehlenite,  and 


SiOi, 


UliOj.ZSiOz 


3CaO.Al2C>3       SCa0.3Al203    CaO-A/^Oj    SCaOSA/zO^  A/^Oj 


Fig.   54.     Equilibrium    diagram    of   the    system,   CaO-Al203-Si02    showing   phases 

formed  upon  complete  consolidation  (after  Rankin  and  Wright  with  corrections 

after  Bowen  and  Greig). 


of  SiOo  the  new  phase,  tridymite,  and  each  will  change  the  course  of 
crystallization.  This  is  because  the  composition  chosen  is  a  limiting  case 
in  the  ternary  system  and  is  in  reality  of  only  two  components ;  and  the 
addition  of,  say,  lime  carries  it  out  of  the  two  component  system.  It  will 
be  noted  that  the  mixture  considered  contains  the  three  oxides,  though 
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of  only  two  components,  and  on  consolidation  only  two  solid  phases  are 
formed.  It  might  seem  on  first  thought  that  this  corresponds  with  the 
case  of  the  natural  magmas,  for  these  usually  form  solid  phases  fewer 
in  number  than  the  oxides  present.  However,  there  is  another  factor, 
namely,  solid  solution,  that  may  give  rise  to  this  peculiarity  and  we  shall 
find  that  it  is  to  solid  solution  that  the  limited  number  of  phases 
formed  from  magmas  is  usually  to  be  referred. 

Let  us  now  examine  a  ternary  system  of  oxides  that  has  been  com- 
pletely investigated  and  in  which  the  factor  of  solid  solution  enters. 
Such  is  the  system  CaO :  MgO :  SiO,  studied  by  Ferguson  and  Merwin.^ 
A  liquid  of  composition  A,  Fig.  ^^,  forms  on  complete  consolidation  just 


aCaO-SiOi 
SCaOZMgO-eSiCh 


Z^OSiOi 


Boundaries, 


Softd  solutions 


Fig.  SS-     Equilibrium  diagram  of  the  system  CaO-MgO-SiOa  (after  Ferguson  and 
Merwin  with  additions  after  Greig). 


two  solid  phases,  the  olivine,  forsterite,  and  clinopyroxene  of  composi- 
tion between  diopside  and  MgSiO;^.  To  this  liquid  any  amount  of  calcite 


1  Amer.  lour.  Sci.,  48,  1919.  P-  I09. 
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up  to  12  per  cent  of  its  weight  could  be  added  without  changing  the 
mineralogy  of  the  consolidated  product.  This  would  still  consist  of 
olivine  and  clinopyroxene  but  the  pyroxene  would  be  richer  in  CaO, 
that  is,  closer  to  diopside.  Only  an  amount  of  calcite  in  excess  of  12  per 
cent  would  bring  in  another  phase,  akermanite,  together  with  the  diop- 
side and  olivine.  It  is  easy  to  see  from  an  inspection  of  the  figure  that 
addition  of  dolomite  would  likewise  have  no  effect  on  the  kind  of  phases 
crystallizing  unless  more  than  about  l6  per  cent  were  added. 

When  we  have  spoken  of  adding  calcite  and  dolomite  to  the  mixtures 
mentioned  we  have  imagined  that  the  lime  and  magnesia  have  been  taken 
into  solution  as  they  might  be  in  a  laboratory  furnace,  where  the  furnace 
supplied  the  requisite  quantity  of  heat.  This  quantity  would  be  very 
large,  for  the  conversion  of  carbonate  into  silicate  is  an  endothermic 
reaction  and  its  conversion  into  silicate  in  solution  is  undoubtedly  still 
more  strongly  endothermic.  Now  if  the  liquid  were  originally  a  saturated 
liquid  and  calcite  or  dolomite  were  added  without  any  provision  for 
additional  heat  other  than  that  already  contained  in  the  liquid,  the  lime 
and  magnesia  would  not  be  simply  dissolved.  Instead,  precipitation  of 
olivine  (forsterite)  would  occur,  no  matter  whether  calcite  or  dolo- 
mite was  added,  and  as  the  forsterite  separated  the  liquid  would  attack 
the  calcite,  converting  it  into  lime  silicates.  Since  this  is  an  endothermic 
reaction  the  heat  for  it  can  be  supplied  only  by  crystallization  of  some- 
thing from  the  liquid  which  will  be,  of  course,  the  phase  with  which  it  is 
saturated,  viz.,  forsterite.  There  is  another  reason  why  forsterite  is  pre- 
cipitated for  the  formation  of  lime  silicates  requires  some  silica  but  the 
liquid  cannot  be  desilicated  since  it  lies  on  the  forsterite  saturation 
surface.  Therefore  the  liquid  changes  its  composition  by  moving  on  the 
forsterite  surface  toward  lower  temperature.  It  does  not  move  directly 
away  from  forsterite,  however,  but  curves  somewhat  in  the  direction 
of  the  composition  of  the  inclusions.  If  the  reaction  with  the  inclusions 
is  strongly  endothermic,  as  it  is  in  this  case,  the  liquid  would  move 
down  to  the  forsterite-pyroxene  boundary  curve  where  separation  of 
pyroxene  would  occur  and  the  liquid  would  be  entirely  used  up  without 
ever  getting  over  to  such  compositions  that  akermanite  would  separate 
from  it.  However,  some  part  of  the  inclusions  might  have  been  con- 
verted to  akermanite.  Thus,  however  large  a  supply  of  inclusions  were 
available,  even  in  excess  of  the  12  per  cent  mentioned  above,  the  liquid 
might  never  get  over  to  such  compositions  that  any  new  phase  is  pre- 
cipitated from  it,  but  would  precipitate  only  forsterite  and  pyroxene  as 
in  normal  crystallization,  with,  however,  a  certain  increase  in  the  lime 
content  of  the  pyroxene. 

These  considerations  lead  us  to  the  conclusion  that  the  liquid  we  have 
chosen,  even  if  it  has  a  moderate  amount  of  superheat  and  therefore  is 
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capable  of  directly  dissolving  a  little  lime  and  magnesia  from  calcite 
or  dolomite,  does  not  suffer  a  change  in  the  kind  of  solid  phases  capable 
of  forming  from  it.  There  results  only  a  modification  of  the  composition 
of  the  phase  of  variable  composition  (pyroxene).  And,  as  a  conse- 
quence of  the  heat  eifect  of  the  solution  of  inclusions,  saturation  shortly 
ensues  and  thereafter  further  action  upon  the  inclusions  is  accomplished 
only  with  concomitant  precipitation  of  the  phase  or  phases  with  which 
the  liquid  is  saturated,  whereby  the  liquid  is  constrained  to  follow  a 
general  course  not  significantly  different  from  the  one  it  would  follow 
were  no  inclusions  present. 

The  results  obtained  in  the  foregoing  enable  us  to  draw  certain  con- 
clusions as  to  the  effects  of  natural  magmas  upon  inclusions  of  various 
sedimentary  rocks.  One  point  that  does  not  seem  to  be  realized  is  that, 
when  a  sedimentary  inclusion  becomes  immersed  in  a  magma,  nothing 
is  added  that  the  magma  does  not  already  contain.  Both  belong  to  the 
same  polycomponent  system  embracing  all  the  rock-forming  oxides. 
Obviously  the  effects  of  all  possible  sediments  cannot  be  examined,  but 
our  purpose  will  be  served  if  we  take  the  most  extreme  departure  from 
igneous  composition.  As  representative  of  this  condition,  for  quartzite 
we  may  imagine  the  addition  of  pure  quartz ;  for  limestone,  of  pure 
calcium  carbonate ;  and  for  shale,  of  pure  kaolin.  Any  actual  sediment 
would  usually  contain  all  of  these,  together  with  other  constituents  that 
lessen  its  departure  from  igneous  composition. 

Let  us  take  a  magma  of  basaltic  composition  which,  on  crystalliza- 
tion with  comparatively  rapid  cooling,  would  form  mainly  plagioclase, 
and  clinopyroxene,  with  some  olivine,  a  little  ore  mineral  and  possibly 
some  orthopyroxene.  All  of  these  are  minerals  of  variable  composition ; 
some  of  them,  in  particular  the  pyroxene,  vary  with  respect  to  several 
components  and  to  this  is  to  be  attributed  the  fact  that  the  number  of 
solid  phases  formed  is  less  than  the  number  of  oxides  present.  This  fact 
permits  particularly  wide  adjustments  in  the  composition  of  the  solid 
phases  without  the  appearance  of  new  ones.  Such  basaltic  magma,  with 
a  little  superheat,  could  directly  dissolve  a  moderate  amount  of  sedi- 
ments, yet  even  if  these  were  of  extreme  composition,  the  magma  would 
crystallize  with  the  production  of  the  same  solid  phases  as  those  men- 
tioned above  if  crystallized  under  the  same  conditions. 

Normally  only  saturated  magma  would  be  available  and  the  super- 
heated magma  mentioned  above  would  rapidly  became  saturated  as  a 
result  of  solution  of  Inclusions.  For  the  case  of  such  saturated  magma 
it  may  be  stated  as  a  first  princi})le  that  the  sediment  would,  in  so  far 
as  its  composition  permitted,  tend  to  be  converted  into  the  phases  with 
which  the  magma  is  saturated.  And  the  material  necessary  for  such 
changes  in  the  sediment  would  not  be  merely  subtracted  from  the  liquid 
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but  adjustments  of  the  composition  of  the  liquid  would  occur  through 
separation  of  further  amounts  of  the  phases  with  which  the  liquid  is 
saturated. 

The  precise  changes  in  the  composition  of  the  solid  phases  formed 
cannot  be  represented  graphically  on  account  of  the  number  of  compo- 
nents involved,  but  equations  can  be  written  that  afford  a  generalized 
conception  of  the  possible  adjustments  for  the  addition  of  calcite,  silica, 
and  kaolin  respectively. 

The  phases  capable  of  formation  from  the  original  unchanged  magma 
are : 

PHASE  MINERAL  MOLECULES  REPRESENTED 

olivine  Mg2Si04  +  FeaSiOi 

Magnetite  FeO  .  Fe^Os 

Plagioclase  CaAUsiaOs  +  etc. 

Pyroxene  CaMgSlaOo  +  MgSiOs  +  AU03*+  CaFeSLOo  + 

FeSiOs  +  FesO.* 
•  often   written  as   existing  in  the  Tschermak  molecule,   for  which    there   is  no  good  reason.   See 
Washington  and  Merwin,  Amer.  Jour.  Sci.,  3,  1922,  p.  121. 

Upon  addition  of  CaO  the  following  principal  adjustments  in  the  pro- 
portions of  these  mineral  molecules  may  occur  without  the  appearance 
of  new  phases: 

CaO  +  2FeSi03  +  FCsOs  =  CaFeSisOo  +  FeO  .  Fe.Os ; 

CaO  +  SMgSiOa  =  CaMgSi.Oo  +  MgL.SiO. ; 

CaO  +  AI2O:,  +  4MgSi03  =  CaAl-SiaOs  +  2Mg2Si04. 

Upon  addition  of  SiOo : 

Si02  +  Mg2Si04  =  2MgSi03 ; 

Si02  +  AI2O3  +  CaMgSi20o  =  CaALsi.Os  +MgSi03. 

Upon  addition  of  kaolin,  which  we  may  regard  as  AlgSiOg  -{-  SiO,,  with 
SiOo  having  the  same  effect  as  above : 

AhSiOs  +  CaMgSi206  =  CaAlsSisOs  +  MgSiOa. 

The  results  may  be  put  in  words  by  stating  that  addition  of  lime  tends 
to  increase  the  amount  of  magnetite  and  olivine,  to  make  the  pyrox- 
ene more  nearly  a  pure  diopside-hedenberglte  and  to  increase  the 
anorthite  content  of  the  plagioclase.  The  addition  of  silica  tends  to 
decrease  the  amount  of  olivine  and  to  increase  the  magnesian  content 
of  the  pyroxene  and  the  anorthite  content  of  the  plagioclase.  The  addi- 
tion of  kaolin  tends  to  increase  the  amount  of  magnesia  in  the  pyroxene 
and  of  the  anorthite  in  the  plagioclase. 

In  the  case  of  superheated  magma  the  added  material  might  be  directly 
dissolved  and  upon  solidification  the  adjustments  noted  would  appear 
in  the  crystalline  phases.  In  the  case  of  saturated  magma  the  phases 
noted  would  be  developed  by  reaction  with  the  added  material  and  at 
the  same  time  a  further  amount  of  them  would  be  precipitated  from 
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the  liquid.  In  neither  case  would  the  course  of  crystallization  be  funda- 
mentally changed  since  crystallization  produces  only  the  same  solid 
phases  slighth^  modified  in  composition.  If  consolidation  took  place 
under  conditions  permitting  fractionation  by  settling  of  crystals  no  fun- 
damentally new  differentiation  potentialities  would  be  introduced  by 
the  solution  or  reaction  with  foreign  material  that  has  been  discussed. 
The  magma  thus  modified  could  give  a  diorite-granodiorite-granite  se- 
quence, say,  only  if  the  original  magma  could  also  have  done  so  under 
the  same  conditions.  It  is  a  question  whether,  in  the  case  of  unsaturated 
magma,  it  can  be  safely  assumed  that  the  degree  of  superheat  may  be 
such  that  an  amount  of  material  can  be  dissolved  in  excess  of  that  which 
can  be  taken  care  of  by  the  adjustments  in  composition  of  existent 
phases.  If  this  is  possible  new  phases  will  appear  and  the  course  of  crys- 
tallization and  differentiation  might  be  fundamentally  modified.  In  the 
case  of  added  CaO,  for  example,  the  new  phase  melilite  might  appear 
and  the  differentiates  formed  might  be  fundamentally  different;  might 
be,  say,  certain  alkaline  types  as  Daly  has  postulated. 

It  is  especially  to  be  noted  that  the  laboratory  demonstration  that 
melting  together  of  a  basic  rock  and  limestone  will  give  a  melilite  rock 
does  not  prove  that  similar  results  are  accomplished  in  natural  magma. 
It  does,  of  course,  show  that  the  possibility  of  the  reaction  is  to  be 
favorably  entertained  but  one  must  look  to  rocks  themselves  for  evi- 
dence of  its  occurrence.  Nor  does  such  action  appear  to  be  of  the  sort 
that  is  likely  to  be  obscured.  Indeed  one  would  expect  to  find,  fairly 
commonly,  a  mellllte-bearing  reaction  rim  about  Inclusions  of  lime- 
stone in  basalt.  The  mere  metasomatic  development  of  melilite  in  the 
limestone^  Is  not  enough,  though,  of  course,  suggestive  and  justifying 
diligent  search  for  convincing  proof.  This  must  lie  In  the  occurrence  of 
melilite-bearing  reaction  rims  of  such  a  nature  as  to  indicate  a  rim  of 
hybrid  magma  capable  of  precipitating  melilite.  In  this  connection  it  is 
to  be  noted,  too,  that  melilite  basalts  are  apparently  never  basalt  plus 
lime  nor  yet  basalt  plus  lime  and  magnesia.  If  they  are  the  result  of 
solution  of  limestone  or  dolomite  In  superheated  basaltic  liquid,  melilite 
basalts  should  show  this  simple  relation  in  at  least  some  Instances. 

An  alternative  method  of  development  of  melilite  in  igneous  rocks 
is  discussed  on  a  later  page.  It  consists  in  the  reaction  of  alkalic  liquid 
with  the  crystalline  phases  of  a  basic  rock,  especially  aguite. 

EFFECTS    OF   BASALTIC   MAGMA   ON   ALUMINOUS    SEDIMENTS 

Except  in  the  case  of  excessive  superheat,  the  statement  should  hold 
that  reaction  with  foreign  material  can  produce  no  new  differentiation 
potentialities  in  the  magma.  Yet  it  Is  certain  that  some  lines  of  differ- 

1  J.  Stansfield,  Geol.  Mag.,  40,  1923,  p.  441- 
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entiation  may  be  emphasized  by  such  agency,  that  is,  that  certain 
types  of  differentiate  should  he  cjuantitatively  of  greater  im[)ortance. 
This  we  have  found  to  be  true  of  reaction  of  magma  with  previously 
solidified  igneous  material.  Thus  when  basaltic  magma  reacts  with 
granitic  material  the  tendency  is  to  increase  the  amount  of  granitic 
differentiate  capable  of  forming  from  the  basalt.  The  effect  of  reaction 
with  aluminous  sediments  is  of  sufficient  importance  to  justify  further 
discussion  at  this  point.  The  result  has  been  shown  to  be  the  emphasizing 
of  more  magnesian  pyroxene  and  of  anorthite.  Now  under  certain  con- 
ditions, not  well  understood,  magnesian  pyroxene  separates  from  mag- 
mas as  a  distinct  phase,  an  orthopyroxene,  and  the  addition  of  alumi- 
nous sediments  should  emphasize  this  tendency.  The  formation  of  norite 
and  of  pyroxenites  characterized  by  orthopyroxene  as  differentiates 
from  basaltic  magma,  may  therefore  be  facilitated  by  reaction  of  such 
magma  with  aluminous  sediments.  The  relation  has  been  advocated  by  a 
number  of  investigators  including  A.  N.  Winchell,  A.  Lacroix,  J.  W. 
Evans,  H.  H.  Read,  C.  E.  Tilley  and  others.  In  this  case  we  find  that 
expected  effects  are  amply  revealed  in  the  reaction  rims  of  aluminous 
inclusions. 

An  example  of  the  reaction  of  basic  magma  with  aluminous  sediments, 
in  which  the  relations  discussed  seem  particularly  clear,  is  afforded  by 
the  so-called  Cortlandt  series.^  The  early  work  of  Williams  and  the  later 
work  of  Rogers  on  this  series  treats  in  some  detail  the  features  bearing 
upon  the  question  here  at  issue."  The  Cortlandt  series  is  intrusive  into 
the  Manhattan  schist  (locally  into  other  formations  also)  and  the 
interaction  between  schist  and  magma  is  in  places  rather  well  displayed. 
The  Manhattan  schist  is  a  metamorphosed  sedimentary  rock  of  the 
nature  of  a  shale.  Its  composition,  as  given  by  a  composite  anaylsis  of 
five  specimens,  is  shown  in  Table  XIV  under  I.  No  doubt  it  varies  con- 
siderably from  this  average  and  is  sometimes  more  aluminous,  but  it  is 
always  far  from  the  composition  of  kaolin,  which  composition  we  have 
used  in  discussing  the  effects  of  basic  magma  on  aluminous  sediments. 
This  affords  an  opportunity  of  discussing  the  behavior  of  an  actual 
example  of  aluminous  sediment.  The  ordinary  Manhattan  schist  is  made 
up  principally  of  the  minerals  quartz,  biotite,  muscovite,  orthoclase  and 
plagioclase.  These  are  all  minerals  of  ordinary  igneous  rocks,  particu- 
larly of  more  "acid"  types,  and  correspond  to  a  rather  low  temperature 
equilibrium.  A  glance  at  the  analysis  shows,  however,  that  the  composi- 
tion is  far  from  that  of  an  ordinary  igneous  rock,  which  means  that 
the  minerals  are  of  somewhat  different  composition  and  are  present  in 
different  pro{)ortions.  Now  we  have  found  in  our  discussion  of  the  re- 

1  G.   H.   Williams,   Amer.   Jour.  Sci.   (3),  31,    1886,   p.  26;    (3),   33,    1887,   pp.    135-91;    (3),  35,    1888, 

p.  438  ;  (3).  35,  1888,  p.  254. 

2G.  S.  Rogers,  Ann.  N.Y.  Acad.  Set.,  31,   1911,  PP-  11-86. 
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TABLE  XIV 


I 

II 

SiO-. 

57-94 

40.16 

AUO:, 

21.70 

29.  ?o 

Fe,0:, 

1-57 

19.66 

FeO 

5.90 

5.80 

MgO 

2.49 

trace 

CaO 

.58 

.8? 

Na^iO 

1-74 

1.46 

K.O 

4.68 

1 .36 

H2O  + 

2.17 

H.O  — 

.29 

Ti02 

1.01 

MnO 

•  19 

S 

"'.82 

100.26 

99.61 

I — Manhattan  schist.  Composite  analysis  of  live  specimens  beyond  border  of  the  Cortlandt  series. 
.Analyst,   G.   S.   Rogers. 

II — Manhattan  schist  on  contact  of  Cortlandt  series.  Analyst,  F.  L.  Nason  in  G.  H.  Williams, 
Amer.  Jour.  Sci.  (3),  36,   1888,  p.  259. 

action  of  any  saturated  magma  upon  igneous  inclusions  that  if  the 
inclusions  belong  to  a  later  stage  in  the  reaction  series  they  may  become 
a  part  of  the  liquid  by  causing  the  precipitation  of  the  phases  with  which 
the  liquid  is  saturated.  Average  Manhattan  schist,  since  it  consists  of  the 
minerals  of  an  acidic  igneous  rock,  may  be  regarded  as  consisting  in  part 
of  material  belonging  to  a  later  stage  in  the  reaction  series  than  basaltic 
magma,  but  since  it  does  not  correspond  exactly  with  any  such  igneous 
mass  it  must  be  regarded  as  having  a  certain  amount  of  surplus  material 
in  addition.  If  we  imagine  saturated  basaltic  magma  reacting  with  inclu- 
sions or  wall  rock  of  schist  we  may  expect  the  action  to  be  selective. 
Such  substances  as  may  become  a  part  of  the  liquid  would  be  removed 
from  inclusions  or  wall  rock,  with  corresponding  enrichment  in  what  has 
been  called  surplus  material.  The  substances  removed  would  be  prin- 
cipally silica,  alumina,  alkalis  and  to  a  minor  extent  other  oxides,  all 
in  the  proportions  in  which  they  enter  into  some  "acid"  igneous  rock. 
Our  knowledge  of  the  exact  proportions  may  be  thus  indefinite  and  yet 
sufficient  for  a  general  solution  of  the  problem.  Comparison  of  the 
analysis  of  the  Manhattan  schist  with  those  of  acid  igneous  rocks  gives 
us  a  good  conception  of  what  the  surplus  material  will  be.  It  will  plainly 
be  rich  in  alumina  and  iron.  A  certain  stage  of  the  reaction  between 
magma  and  inclusions  or  wall  rock  should  exhibit  a  mass  rich  in  these 
oxides.  This  stage  is  abundantly  represented  in  both  wall  rock  and 
inclusions  by  richness  in  sillimanite,  staurolite  and  other  aluminous 
and  ferrous  minerals.  Chemically  it  is  shown  by  analysis  II  in  Table 
XIV  which  represents  wall  rock  at  the  margin  of  the  intrusive. 
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The  so-called  surplus  material  does  not  remain  indefinitely  as  such, 
but  by  the  time  we  have  obtained  inclusions  very  rich  in  sillimanite  a 
turning  point  in  the  process  is  reached.  Hitherto  certain  constituents 
of  the  schist  have  become  a  part  of  the  liquid  in  virtue  of  the  precipita- 
tion of  various  phases  with  which  the  liquid  (magma)  was  saturated. 
Now  reactions  between  magma  and  inclusions  become  of  such  a  nature 
that  the  precipitation  of  phases  with  which  the  magma  is  saturated  is- 
the  sole  process,  these  phases  being  appropriately  modified  by  the  inclu- 
sions. There  is  now  no  addition  to  the  liquid.  The  exact  modification  of 
the  phases  that  is  produced  by  sillimanite  has  already  been  discussed 
and  equations  representing  the  changes  have  been  written.  The  net 
result  is  an  increase  in  the  amount  of  anorthite  and  magneslan  pyroxene 
at  the  expense  of  lime-bearing  pyroxene,  and  this  tends  to  promote  the 
separation  of  magnesian  pyroxene  as  a  distinct  phase,  orthopyroxene. 
Thus  the  tendency  of  the  magma  to  give  a  noritic  differentiate  is  in- 
creased, as  well  as  the  likelihood  of  formation  of  a  pyroxenite  contain- 
ing orthopyroxene.  These  expectations  are  well  matched  by  the  Cort- 
landt  series. 

Apart  from  possible  later  differentiation  this  production  of  norite  and 
related  types  is  the  end  result  of  the  action  of  basic  (basaltic)  magma 
on  sillimanite-rich  inclusions.  We  may  with  profit  examine  the  details 
of  the  action,  that  is,  the  processes  going  on  within  and  immediately 
around  the  sillimanite-rich  inclusions,  immersed  in  a  magma  rich  in 
plagioclase  and  pyroxene.  This  examination  serves  to  throw  some  light 
on  the  detailed  mineralogy  of  the  inclusions,  and  in  particular  on  the 
separation  of  free  alumina,  as  corundum. 

If  a  mass  of  sillimanite  were  added  to  some  anorthite  just  above  its 
melting  point,  it  can  be  readily  seen  from  examination  of  Fig.  56  that 
some  of  the  sillimanite  would  be  converted  into  corundum.  This  is  be- 
cause the  line  joining  sillimanite  and  anorthite  passes  through  the  corun- 
dum field.  We  may  imagine,  for  example,  that  the  bulk  composition  of 
a  layer  immediately  surrounding  the  sillimanite  is  50  per  cent  silli- 
manite^ and  50  per  cent  anorthite.  The  mixture  represented  by  this  layer, 
at  1550°,  would  consist  of  mullite,  corundum,  and  liquid.  If  the  original 
anorthite  liquid  had  an  excess  of  silica  amounting  to  about  lO  per  cent, 
no  corundum  would  be  formed  from  sillimanite,  because  the  join  of  silli- 
manite with  such  a  composition  misses  the  corundum  field.  Plainly  the 
freeing  of  corundum  from  sillimanite  depends,  in  these  liquids,  on  the 
liquid  being  "basic,"  that  is,  having  not  more  than  a  moderate  excess 
of  silica  over  the  feldspar  composition.  Free  silica  associated  with  the 
sillimanite  does  not  have  a  comparable  effect  in  restricting  the  forma- 

1  sillimanite  is  not  shown  on  the  diagram  because  it  is  not  formed   under  the  conditions  repre- 
sented by  the  diagram.  Its  composition  is  approximately  63  per  cent  AljOa,  37  per  cent  SiOa. 
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tion  of  corundum;  indeed,  the  silica  would  require  to  be  nearly  equal  in 
amount  to  the  sillimanite  in  order  to  neutralize  the  tendency  to  form 
corundum. 


3CdO-2SiQ.. 


JCaOSiA 


Mh0j2Si0i 


Fig.  56.     Equilibrium  diagram  of  the  system  CaO-Al203-Si02  (after  Rankin  and 
Wright  with  corrections  after  Bowen  and  Greig). 


The  system  MgO :  ALO.j :  SiO,  given  in  Fig.  15  shows  the  same 
general  condition.  If  a  mass  of  sillimanite  were  immersed  in  molten 
MgSiOg  and  MgaSiO^  in  equal  parts,  a  layer  around  the  inclusion, 
which  might  have  the  bulk  composition  75  per  cent  sillimanite,  25  per 
cent  the  above  mixture,  would  consist  at  higher  temperatures  of  corun- 
dum and  liquid;  at  lower  temperatures,  of  corundum,  mullite,  spinel, 
and  liquid;  and  at  still  lower  temperatures,  of  mullite,  spinel,  and 
cordierite.  Since  experiment  has  not  revealed  the  conditions  of  stability 
of  sillimanite  we  cannot  state  what  determines  its  formation.  Presum- 
ably it  comes  in  only  at  lower  temperatures  or  possibly  at  high  pressures. 

It  should  be  realized  that  these  conditions  we  have  pictured  as  occur- 
ring about  sillimanite  inclusions  are  transient  states.  We  may  deduce 
from  an  equilibrium  diagram  the  condition  of  a  certain  layer  about  an 
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inclusion,  but  the  system  as  a  whole  is  not  in  equilibrium,  since  there  are 
composition  gradients  about  these  inclusions.  Nevertheless  this  chang- 
ing state  might  become  fixed  and  be  revealed  as  a  result  of  complete 
consolidation  of  tlie  mass. 

The  actual  magma  by  which  the  schist  inclusions  were  attacked  may 
be  regarded  as  showing  the  combined  effects  of  the  anorthite  liquid  and 
the  magnesian  liquid  of  the  experimental  systems.  It  is  true  the  magma 
did  not  correspond  detinitely  with  any  such  mixture  of  anorthite  and 
magnesian  silicate,  but  it  was  closely  related,  consisting  mainly  of 
plagioclase  and  magnesian  silicates,  and  its  effect  on  sillimanite-rich 
inclusions  might  reasonably  be  similar.  I'he  effect  was  indeed  very 
similar,  for  the  sillimanite-rich  inclusions  are  found  to  be  changed  by 
the  magma  to  masses  rich  in  corundum,  s{)inel,  and  cordierite,  with  other 
related  minerals.  It  is  inclusions  that  have  been  thus  affected  that  con- 
stitute the  emery  deposits.  They  represent  the  reaction  between  the 
magma  and  inclusions  arrested  midway.  No  doubt  many  inclusions  com- 
pletely disappeared,  becoming  an  integral  part  of  the  igneous  rock 
in  virtue  of  reactions  involving  adjustment  of  composition  of  existing 
phases.  (See  p.  206.)  The  feldspathic  emery  and  the  noritic  emery  may, 
from  this  point  of  view,  be  regarded  as  inclusions  approaching  their 
final  disappearance. 

These  transient  states  in  which  inclusions  may  be  ver}^  rich  in  certain 
substances  are  no  doubt  of  some  importance  in  differentiation.  Localized 
masses  in  process  of  reaction  with  the  general  mass  may  move,  say  in 
response  to  gravity,  and  their  accumulation  may  give  rise  to  bodies  rich 
in  minerals  formed  during  the  reactions.  All  up  and  down  the  Appala- 
chian Mountain  system  of  Eastern  North  America  there  are  intrusive 
masses  showing  ultrabasic  differentiates,  with  dunite  as  the  extreme  and 
with  associated  peridotites  and  pyroxenites  frequently  rich  in  rhombic 
pyroxene,  saxonite,  websterite  and  enstatolite  itself.  These  are  usually, 
perhaps  always,  intrusive  into  slates  and  mica  schists  that  were  originally 
aluminous  sediments,  the  Farnham  slates  of  Quebec,  the  Savoy  and 
Rowe  schists  of  New  England,  the  Manhattan  of  New  York,  the  Wissa- 
hickon  of  Pennsylvania  and  Maryland,  and  the  Carolina  gneiss  of  the 
Southern  States.  They  have  perhaps  had  an  important  influence  in  em- 
phasizing differentiates  of  the  types  mentioned  above.  There  are,  more- 
over, corundum  deposits,  either  as  emery  or  in  purer  forms,  in  frequent 
association  with  these  ultrabasic  rocks  and  in  some  cases  the  origin  and 
accumulation  of  corundum  may  be  referred  to  processes  outlined  above. 
Gordon  and  Miss  Cobb  have  demonstrated  a  different  origin  for  some 
of  them,^   but   the   action  here  described   seems   unquestionable   for  the 

1  S.  G.  Gordon,  Formation  by  reaction  between  pegmatite  and  serpentine.  Proc.  Acad.  Nat.  Sci. 
Philadelphia,  Part  I  (1921),  p.   169;  and  Margaret  Cobb,  Dissertation,  Bryn  Mawr,   1924. 
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Cortlandt  emery  and  the  gangue  minerals  of  some  of  the  Carolina 
deposits  strongly  suggest  a  similar  origin.  These  gangue  minerals  are 
basic  plagioclase,  sillimanite  and  cyanite.  That  such  minerals,  together 
with  corundum,  could  form  from  basic  magnesian  rocks  by  simple  dif- 
ferentiation is  very  doubtful.^ 

Recognition  of  the  probable  saturated  condition  of  the  magma  is  of 
importance  because  it  shows  that  there  could  not  have  been  formed,  at 
any  time,  a  liquid  whose  composition  was  simply  the  sum  of  that  of  the 
original  magma  and  the  inclusions.  Even  that  portion  of  the  foreign 
matter  which  becomes  a  part  of  the  liquid  does  so  only  by  precipitating 
phases  w-ith  which  the  magma  is  saturated  and  must  itself  be  of  a  com- 
position toward  which  the  liquid  may  go  spontaneously  by  fractional 
crystallization.  So  in  the  case  of  the  Cortlandt  series  various  diorites, 
some  syenite  and  a  considerable  amount  of  granite  (first  recognized  by 
Berkey  as  a  part  of  the  series)  were  formed  by  differentiation,  as  they 
would  have  been  under  the  same  conditions  without  reaction  with  slate 
material,  though  presumably  the  amount  of  "acid"  differentiates  was 
augmented  by  its  addition. 

The  detailed  studies  of  several  norites  by  Read  have  revealed  the 
selective  nature  of  the  reaction  with  aluminous  inclusions.  He  notes  that 
the  "gabbro  magmas  become  richer  in  alumina  and  potash,  and  poorer 
in  lime  and  magnesia ;  iron-oxides  and  soda  appear  to  play  no  constant 
part."-  On  the  whole  the  behavior  is  about  that  to  be  expected  from  the 
reactive  precipitation  discussed  in  the  foregoing. 

One  of  the  interesting  examples  of  the  effects  of  basic  magma  upon 
inclusions  of  aluminous  sediments  has  been  studied  in  great  detail  by 
H.  H.  Thomas.^  The  inclusions  referred  to  occur  in  basic  sills  of  Mull 
and  the  action  is  particularly  intensive.  It  is  believed  to  have  occurred 
in  a  deep-seated  reservoir  and  to  have  been  more  or  less  perfectly 
"quenched"  upon  intrusion  of  the  magma  as  sills.  In  these  rocks  some 
aluminous  inclusions  have  been  converted  largely  to  liquid,  with  some 
of  the  more  refractory  elements  left  in  excess,  and  the  liquid  has  cooled  to 
a  glass  containing  crystals  of  muUite,*  corundum  and  rutile.  The  fur- 
ther reaction  of  the  inclusion  with  the  magma  has  given  corundum- 
anorthite-spinel  rims.  Thomas  discusses  the  reaction  in  terms  of  experi- 
mental results,  referring  especially  to  the  same  diagrams  and  reaching 
much  the  same  conclusions  as  those  given  in  the  foregoing. 

In  connection  with  the  formation  of  norite  through  the  influence  of 
absorbed  slates,  it  should  be  realized  that  the  action  is  probably  an 
emphasis  upon  normal  processes.  It  may  very  well  be,  however,  that 

1  See  Rankin  and  Merwin,  "The  Ternary  System  MgO-Al-^Oa-SiO-,"  Amer.  Jour.  Sci.,  45,  1918,  p.  32J. 

2  H.  H.  Read,  Quart.  Jour.  Geol.  Soc,  79,   1923,  p.   479. 

3  Quart.  Jour.  Geol.  Soc,  78,  1922,  p.  229  ;  and  Mull  Memoir,  p.  268. 

4  See  N.  L.  Bowen,  J.  W.  Greig  and  E.  G.  Zies.  Jour.  Wash.  Acad.  Sci.,  14,   1924,  p.   183. 
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if  there  were  no  argillaceous  sediments,  norites  would  be  of  muih  rarer 
occurrence  than  tliey  are. 

THE  ACTION  OF  BASIC  MAGMAS  ON    SILICEOUS  SEDIMENTS 

A  number  of  examples  of  argillaceous  quartzites  are  known  that  have 
been  invaded  by  basaltic  magma  and  in  which  it  is  believed  by  some 
investigators  that  absorption  of  the  siliceous  sediments  by  the  magma 
has  occurred.  Two  carefully  studied  examples  are  the  Pigeon  Point  sill 
of  Minnesota^  and  the  Moyie  sills  of  British  Columbia.-'  Such  quartzites 
may  again  be  regarded  as  consisting  of  material  belonging  to  a  later 
stage  of  the  reaction  series  than  basaltic  magma,  together  with  a  certain 
surplus.  The  former,  corresponding  in  composition  with  some  acid 
igneous  rock,  should  be  capable  of  becoming  part  of  the  liquid  magma 
by  precipitating  its  heat  equivalent  of  the  phases  with  which  the  magma 
is  saturated.  There  is  no  theoretical  objection,  therefore,  to  the  belief 
that  a  certain  amount  of  the  inclusions  could  be  incorporated  in  this 
manner  even  though  the  magma  is  saturated.  It  should  be  borne  in 
mind,  however,  that  the  material  that  can  thus  become  a  part  of  the 
liquid  must  be  of  a  composition  toward  which  the  magma  could  change 
spontaneously  by  fractional  crystallization.  Once  incorporateed,  it  re- 
quires, to  produce  the  acid  differentiates  that  were  there  formed,  the 
same  conditions  of  crystallization  as  would  have  produced  an  acid  differ- 
entiate from  the  uncontaminated  magma.  In  all  of  these  examples  the 
normal  course  of  differentiation  is  the  primary  consideration.  The  extent 
to  which  incorporated  material  contributed  to  the  bulk  of  the  acid 
differentiate  may  not  have  been  important  in  these  small  bodies  even 
though  there  is  plain  evidence  of  incorporation. 

At  both  localities  mentioned  evidence  of  some  incorporation  is  un- 
questionable. About  inclusions  of  the  sedimentary  rocks  reaction  rims 
of  a  granitic  nature  have  been  formed.  We  have  seen  on  page  190  that 
the  reaction  should  emphasize,  in  the  liquid  around  the  inclusion, 
material  belonging  to  a  later  stage  of  the  reaction  series  (i.e.,  toward 
which  the  magma  can  crystallize),  and  this  should  not  be  intermediate 
in  composition  between  magma  and  inclusion.  Corresponding  with  this 
deduction  we  find  that  the  rims  about  xenoliths  are  not  simply  melted 
xenolith  but  essentially  normal  igneous  material  of  a  late  stage  of  the 
reaction  series.  The  reaction-rim  stage  is  a  temporary  one  except  in  so  far 
as  it  may  be  preserved  about  some  inclusions  by  exhaustion  of  the 
magma.  Others  disappear  entirely  by  diffusion  of  the  rim  material  into 
the  magma  and  distribution  (with  possible  precipitating  effects)  of  any 
surplus  material.  Thus  the  liquid  is  pushed  onward  in  the  reaction  series, 

1  W.  S.  Bayley,  U.S.  Geo!.  Surv.,  Bull.  109;  R.  A.  Daly,  Amer.  Jour.  Set.,  43,   1917,  p.  423. 

2  R.  A.  Daly,  Geot.  Surv.  Can.,  Mem.  38,  p.  226.  S.  J.  Schofield,  Geol.  Surv.  Can.,  Museum  Bull. 
No.  2. 
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not  only  through  addition  of  the  rim  material,  but  also  because  this 
necessitates  some  precipitation  of  the  early-formed  minerals  from  the 
basic  magma.  Further  fractional  crystallization  may  therefore  give  dif- 
ferentiates identical  with,  or  closely  related  to,  the  reaction-rim  material, 
but  normal  differentiation  might  have  given  it  also. 

EFFECTS  OF   GRANITIC   MAGMA  ON    INCLUSIONS   OF 
SEDIMENTARY   ORIGIN 

In  discussing  the  reaction  of  magmas  with  inclusions  we  have,  in  the 
case  of  basaltic  magma,  made  some  reference  to  the  superheated  condi- 
tion. Daly  points  to  basaltic  magma  as  the  heat  bringer,  and  has  pre- 
sented evidence  that  such  magma  enters  into  igneous-rock  economy  on 
a  different  basis  from  all  other  magmas.^  If  this  be  true,  and  his  rea- 
sons seem  to  me  convincing,  basaltic  magma  is  the  one  magma  that  may, 
presumably,  be  assumed  to  have  superheat  on  some  occasions.  All  other 
magmas,  whether  they  may  be  formed  by  differentiation  of  basaltic 
magma  or  by  differentiation  of  syntectic  magma  must  usually  be  satu- 
rated, unless  it  be  that  locally,  at  volcanic  vents,  a  special  source  of 
heat  is  available.  This  possibility  has  little  quantitative  petrogenic  sig- 
nificance and  it  is  perhaps  a  realization  of  the  commonly  saturated 
condition  of  other  magmas  that  has  led  Daly  to  adopt  basaltic  magma 
as  his  solvent.  Thus  all  of  Daly's  syntectics  are  of  basaltic  magma  with 
various  types  of  foreign  matter.  We  have  already  seen,  however,  that 
the  saturated  condition  is  no  bar  to  a  reaction  between  magma  and 
inclusions.  This  fact  is  as  true  of  intermediate  magmas  as  of  any  others 
and  the  same  principles  apply  to  them. 

If  the  foreign  material  belongs  to  an  earlier  stage  of  the  reaction 
series  the  tendency  is  to  make  it  over  into  those  phases  with  which  the 
magma  is  saturated  and  to  precipitate  a  further  amount  of  these  phases 
from  the  magma  itself.  If  the  foreign  material  belongs  to  a  later  stage 
of  the  reaction  series  it  tends  to  become  a  part  of  the  liquid  by  precipi- 
tating phases  with  which  the  magma  is  saturated. 

Sediments  do  not  belong  in  the  reaction  series  at  all  and  certain  types 
of  sediments  contain  material  belonging  in  both  the  above  classes  and 
both  effects  may  be  obtained.  Our  chief  purpose  here  is  to  consider  prin- 
ciples, and  it  seems  unnecessary,  therefore,  to  discuss  individually  the 
action  of  various  intermediate  magmas  on  various  foreign  inclusions. 

It  is  perhaps  desirable,  however,  to  discuss  the  action  of  granitic 
magma  on  sediments,  its  action  on  igneous  inclusions  having  already 
been  described.  For  the  reason  mentioned  above,  only  saturated  granitic 
magma  will  be  considered.  Quartzites  and  slaty  rocks  offer  no  special 
problem.  They   are   readily   transformed   into  phases   with   which   the 

1  R.  A.  Daly,  Igneous  Rocks  and  Their  Origin,  p.  458. 
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granite  is  saturated,  an  action  that  any  magma  will  accomplish  in  so 
far  as  the  composition  of  the  sediment  permits.  The  conversion  of  inclu- 
sions of  such  rocks  by  granitic  magma  into  masses  of  quartz,  feldspars, 
and  micas,  in  varying  proportions,  should  therefore  be  the  result.  A 
certain  amount  of  mechanical  disintegration  might  cause  the  strewing 
about  of  these  products  in  such  a  way  as  to  make  them  an  integral 
part  of  the  mass  but  there  should  be  no  solution.  Intermediate  steps 
might  see  the  formation  of  such  minerals  as  sillimanite,  garnet,  and 
others  characteristic  of  contact  rocks,  but  these  should  be  temporary  or 
should  survive  only  because  of  exhaustion  of  the  liquid. 

The  kind  of  effect  that  sillimanite  produces  by  reaction  with  basic 
magmas,  namely,  the  precipitation  of  orthopyroxene  and  basic  plagio- 
clase  is  not  to  be  expected  in  granitic  magma.  Rather  should  we  expect 
precipitation  of  the  micas  in  acid  magmas,  and  formation  of  ortho- 
pyroxene  in  such  magmas  is  to  be  referred  to  other  causes  than  that 
here  adopted  for  basic  rocks. 

When  we  turn  to  the  case  of  carbonate  rocks  we  find  that  the  reaction 
with  granitic  magma  is  of  a  different  nature.  It  is  often  observed  that 
wall  rock  and  inclusions  of  carbonates  are  altered  to  silicate  minerals.^ 
It  has  been  assumed  by  some  investigators,  therefore,  that  silica  has 
been  subtracted  from  the  granitic  liquid  and  that  this  may  occur  to  such 
an  extent  that  some  of  the  feldspar  molecules  are  transformed  into  the 
less  siliceous,  feldspathoid  molecules  with  consequent  formation  of 
alkaline  rocks.  This  assumed  action  is  said  by  certain  writers  to  be  in 
agreement  with  Daly's  theory  of  the  origin  of  alkaline  rocks.  We  have 
seen  above,  however,  that  Daly  assumes  that  superheated  basaltic  magma 
is  the  starting  point  for  all  his  syntectic  magmas  and  that  alkaline 
rocks  are  differentiates  of  some  of  these  syntectics,  principally  those 
formed  with  carbonate  rocks.  We  have  pointed  out  on  a  preceding  page 
that,  if  adequately  superheated  basalt  were  available,  it  might  form, 
by  solution  of  carbonates,  a  melilite  basalt  and,  given  the  latter,  alkaline 
differentiates  seem  not  impossible  and  so  indeed  some  alkaline  rocks 
may  be  formed.  Not  all  alkaline  rocks  can  be  so  explained,  for  much 
nephelite  syenite  shows  intimate  genetic  relations  with  granites  and 
on  Daly's  general  theory  the  original  basaltic  magma  would  require  to 
be  silicated  by  solution  of  acid  material  to  form  the  granite  and  desili- 
cated  by  solution  of  carbonates  to  form  the  nephelite  syenite.  That  the 
differentiates  should  show  evidence  of  both  seems  out  of  the  question. 
The  solution  of  foreign  matter  must  result  in  either  desilication  or 
silication  according  to  the  preponderance  of  one  or  the  other  type  of 

1  For  example  in  the  large-scale  production  of  amphibolites  in  the  Haliburton-Bancroft  area. 
Adams  and  Barlow,  Can.  Geol.  Surv.,  Mem.  No.  6,  1910. 
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foreign  matter  and  subsequent  differentiates  sliould  be  in  conformance 
with  one  or  the  other  but  not  both. 

This  brings  us  back  to  the  question  whether  a  nephelite  syenite,  inti- 
mately associated  with  a  granite,  could  have  been  formed  as  a  result  of 
desilication  of  the  granite  by  carbonate  inclusions,  that  is,  back  to  the 
question  of  the  effect  of  granitic  magma  on  carbonate  inclusions. 

We  have  noted  the  silication  of  the  inclusions  and  the  consequent 
supposed  desilication  of  the  liquid.  In  discussing  investigated  systems 
we  have  already  found,  however,  that  saturated  liquids  cannot  have 
ingredients  subtracted  from  them  at  randon  without  causing  precipita- 
tion of  other  ingredients  so  that  the  effect  on  the  liquid  is  not  mere 
impoverishment  in  the  ingredient  subtracted.  This  may  perhaps  be  made 
clear  by  a  simple  example.  If  we  had  a  solution  of  salt  at  —  20°  C, 
and  any  hypothetical  substance  was  placed  in  the  solution  that  withdrew 
the  salt  from  it,  the  result  would  not  be  simply  the  leaving  behind  of 
liquid  water.  The  reason  is  simply  that  liquid  water  cannot  exist  at 
—  20°  C  and  the  actual  result  would  be  that,  as  each  small  amount 
of  salt  was  removed,  a  small  amount  of  ice  would  form  and,  when  all 
the  salt  was  withdrawn,  all  of  the  water  would  have  become  ice.  For  the 
maintenance  of  liquidity,  the  salt  and  the  water  are  necessary  each  to 
the  other.  And  so  it  must  be  with  a  saturated  granitic  solution.  Remove 
the  silica  from  it  and  other  substances  must  be  precipitated.  Now  the 
reaction  of  granitic  magma  with  inclusions  of  carbonate  rock  is  not  a 
simple  addition  of  silica  to  the  latter  but  usually  other  substances  are 
added  as  well,  these  being  such  as  to  convert  the  inclusions  ultimately 
into  diopsidic  pyroxene  or  hornblende.  The  reason  for  the  formation  of 
these  phases  is  that  they  belong  at  an  earlier  stage  of  the  reaction  series 
than  the  biotite  with  which  granitic  magma  is  normally  saturated.  The 
subtraction  of  the  substances  necessary  to  produce  these  minerals  must, 
for  reasons  outlined  above,  cause  concomitant  precipitation  of  the  other 
phases  normally  formed  from  granitic  magma,  principally  feldspar. 
Thus  the  action  described  must  bring  about  an  exhaustion  of  the  liquid 
by  causing  precipitation.  There  seems  to  be  no  reason  for  believing  that 
it  could  first  exhaust  the  free  silica,  leaving  a  feldspar-rich  liquid,  then, 
upon  further  action,  cause  removal  of  some  of  the  silica  from  the  feld- 
spar liquid  leaving  a  liquid  containing  feldspathoid  molecules. 

A  reaction  of  the  kind  described,  that  is,  a  using  up  of  some  silica  to 
form  diopside  with  the  consequent  precipitation  of  feldspar  and  quartz, 
would  seem  to  be  the  mode  of  formation  of  the  diopside-bearing  variety 
of  the  Beckett  gneiss,  of  which  Eskola  has  written  a  description  and  inter- 
pretation.^ The  transformation  of  the  solid  dolomite  into  solid  diopside, 
with  its  effect  upon  the  granitic  liquid,  was  the  dominant  action  in  the 

1  p.  Eskola,  Jour.  CeoL,  30,   1922,  pp.  265-94. 
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production  of  the  types  of  gneisses  there  found,  and  of  their  banding, 
rather  than  actual  solution  of  the  dolomite  or  skarn  in  the  granite  and 
subsequent  differentiation  of  the  syntectic  liquid.  It  must  be  admitted, 
however,  that  the  solubility  of  CaCO^  in  magmas  is  probably  greater 
than  that  of  CaO  and  that  under  conditions  permitting  the  retention 
of  CO,  an  amount  of  limestone  might  be  dissolved  greater  than  that 
suggested  by  the  reaction  effects  already  discussed.  The  usual  free  con- 
version of  limestone  into  silicates  indicates,  however,  that  it  is  not 
commonly  so  dissolved. 

The  formation  of  basic  silicates,  without  the  production  of  feldspa- 
thoids,  seems  to  be  the  ordinary  result  of  the  action  of  granitic  magma 
on  limestone  inclusions.  Thus,  in  the  granitic  portions  of  the  Bushveldt 
laccolith  altered  limestone  inclusions  are  surrounded  by  a  halo  of 
dioritic  material,  but  not  by  alkaline  rock.^  Other  examples  might  be 
given;  in  fact,  the  ordinary  effects  of  granite  on  limestone  seem  to  be 
those  we  have  deduced  for  a  saturated  granitic  magma. 

In  one  locality  the  alkaline  facies  of  the  Bushveldt  complex  is,  it  is 
true,  intimately  associated  with  a  mass  of  limestone,  and  as  a  result 
of  a  study  of  this  locality  Shand  has  concluded  that  there  is  some  connec- 
tion between  the  production  of  the  feldspathoids  and  the  desilicating 
action  of  the  magma.  Apparently  Shand  does  not  believe  that  the  entire 
production  of  nephelite  is  due  to  this  action  but  rather  that  a  nephelite 
syenite  magma  becomes  ijolite  by  desilication.^  This  is  a  quite  different 
matter  from  the  production  of  the  original  nephelite  syenite  magma 
by  such  desilication.  No  theoretical  objection  can  be  raised  against  the 
belief  that  interaction  with  limestone  could  reduce  the  amount  of  feld- 
spar and  increase  the  amount  of  feldspathoid  in  a  magma  already  capa- 
ble of  precipitating  both  of  these.  Such  adjustment  of  the  relative 
amounts  of  minerals  we  have  found  to  be  a  common  effect  of  inclusions. 

It  is  probable  that  alkaline  rocks  are  ordinarily  produced  by  crystalli- 
zation-differentiation from  subalkaline  magmas.  In  another  chapter  we 
shall  discuss  a  method  of  production  of  some  leucite  and  some  nephe- 
lite rocks  which  depends  upon  the  incongruent  melting  of  orthoclase 
for  the  leucite  rocks,  and  on  the  pseudo-leuclte  reaction  for  the  nephelite 
rocks.  The  fact  that  the  excess  silica  must  be  no  more  than  a  small 
amount  should  be  noted,  for  this  fact  renders  it  possible  that  limestone 
may,  in  spite  of  the  many  objections  that  have  been  raised  above,  have 
some  influence  in  promoting  the  formation  of  alkaline  rocks.  The  influ- 
ence is,  however,  an  emphasizing  of  a  normal  tendency  rather  than  a 
fundamental  necessity.  This  we  have  found  to  be  a  general  rule  in  con- 
nection with  the  effects  of  inclusions.  If  the  differentiation  of  the  magma 

1  Oral  communication.  Professor  Brouwer ;  but  cf.  Brouwer,  Jour.  Geol.,  36,    1928,  p.  54J. 
a  S.  J.  Shand,  Trans.  Geol.  See.  South  Africa,  22,   1921,  pp.   144-6. 
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which  gave  rise  to  the  orthoclase-rich  liquid  took  place  in  the  presence 
of  a  supply  of  limestone  inclusions  this  would  tend  to  reduce  to  a  mini- 
mum any  excess  silica  that  might  otherwise  be  associated  with  the  ortho- 
clase.  Thus  the  normal  tendency  of  the  orthoclase  to  break  down  into 
leucite  under  the  proper  conditions  would  be  free  to  assert  itself.  We 
may  therefore  accept  the  possibility  that  reaction  with  limestone  may 
emphasize  the  tendency  toward  the  formation  of  an  alkaline  differen- 
tiate, though  it  is  not  essential  to  it.  Other  factors,  such  as  the  failure 
of  olivine  to  form  at  an  early  stage  in  the  magma's  history,  or  the  free 
resorption  of  such  olivine  as  does  form,  may  also  assure  a  low  excess 
of  silica  at  a  late  stage  with  likelihood  of  the  separation  of  feldspathoids 
in  cases  where  the  control  is  the  leucite  effect  above  noted. 

DEDUCTIONS    TO   BE    COMPARED   WITH    OBSERVED   RESULTS 

Throughout  the  foregoing  study  of  the  reactions  between  inclusions 
and  magma,  attention  has  been  directed  mainly  to  its  theoretical  aspects, 
that  is,  to  deducing  from  equilibrium  considerations  what  reactions 
should  occur,  together  with  the  effects  of  these  upon  the  further  crystal- 
lization of  the  magma.  All  of  these  deductions  can  be  put  to  the  test  by 
observation  of  what  has  actually  occurred,  in  particular  by  a  study 
of  the  reaction  rims  formed  about  inclusions.  It  should  not  be  expected 
that  each  inclusion  will  tell  the  whole  story,  but  a  general  study  of 
inclusions  should  do  so.  Not  all  the  differentiates  that  might  later 
form  from  the  hybrid  mass  need  be  shown  by  the  reaction  rims,  but  cer- 
tainly there  should  be  formed  some  whose  relationship  to  these  possible 
later  differentiates  is  established  by  their  frequent  association  in  many 
areas. 

In  some  instances  examples  have  been  cited  which  appear  to  show 
that  the  expected  reactions  do  occur.  Such  are  the  formation  of  granitic 
reaction  rims  by  the  action  of  basaltic  magma  on  acidic  rocks,  the  mak- 
ing of  basic  inclusions  into  biotite-rich  masses  by  granitic  magma,  and 
others.  The  formation  of  alkaline  rocks  by  the  action  of  ordinary  mag- 
mas on  limestones  is,  at  present,  incapable  of  support  on  the  above 
grounds.  No  example  is  known  where  inclusions  of  limestone,  contained 
in  an  ordinary  rock,  are  surrounded  by  reaction  rims  of  feldspathoid- 
bearing  rock.  It  is  true  that  limestones  and  alkaline  rocks  are  often  inti- 
mately associated,  but  there  is  no  assurance  that  the  magma  was  not 
already  an  alkaline  magma  before  it  acquired  this  association.  As  we 
have  already  pointed  out,  this  appears  to  be  the  conclusion  that  Shand 
reaches  concerning  the  Sekukuniland  occurrence,  though  he  favors  also 
the  conception  that  the  limestone  emphasized  its  alkaline  nature. 

In  the  Fen  area  of  Norway,  one  of  the  newer  areas  to  which  the  lime- 
stone-syntectic   hypothesis  has   been   applied,   there   is   a   very   striking 
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association  of  alkaline  rotks  and  carbonate  rocks. ^  However,  nothing 
there  displayed  demonstrates  a  change  of  suhalkaline  magnna  to  alkaline 
magma  through  the  influence  of  the  carbonate  rock.-  No  support  in  the 
way  of  reaction  rims  of  the  appropriate  kind  has  yet  been  found  for  the 
limestone-syntectic  hypothesis;  with  the  possible  exception  of  a  case 
described  by  Eskola  in  which  no  actual  feldspathoids  are  developed.^ 
More  definite  support  is  desirable  before  the  hypothesis  can  be  accepted, 
even  though  there  is  reason  to  believe,  as  pointed  out  above,  that  the 
presence  of  limestone  might  emphasize  the  normal  tendency  of  magmas 
to  give  an  alkaline  differentiate. 

SUMMARY 

The  question  whether  magmas  can  dissolve  large  quantities  of  foreign 
inclusions  is  one  that  has  been  much  debated  by  petrologists.  Some  have 
claimed  great  powers  for  magmas  in  this  respect  and  in  addition  have 
assigned  a  dominant  role  in  the  production  of  differentiation  to  such 
solution  of  foreign  matter.  Others  have  insisted  that  magmas  have  not 
the  necessary  heat  content  to  enable  them  to  give  significant  effects  of 
this  kind.  A  study  of  some  simple  equilibrium  diagrams,  with  the  object 
of  determining  the  heat  effects  connected  with  solution,  gives  every 
reason  for  believing  that  the  effect  is  a  large  absorption  of  heat,  usually 
of  the  order  of  magnitude  of  the  latent  heat  of  melting.  For  simple  solu- 
tion, then.  It  is  unquestionable  that  large  amounts  of  heat  will  be 
required. 

Those  who  believe  in  the  actuality  of  the  solution  of  considerable 
amounts  of  foreign  matter  in  magmas  have  usually  realized  this  fact 
and  have  sought  a  source  of  the  heat  in  magmatic  superheat  of  great 
amount,  that  is,  in  a  large  excess  of  temperature  of  the  magma  above  its 
crystallization  range.  A  study  of  the  probabilities  of  the  case  and  of  the 
usual  effects  of  magmas  upon  inclusions  leaves  little  reason  for  believ- 
ing that  magmas  can  ordinarily  have  any  considerable  superheat. 

Unquestionably,  then,  the  observed  effects  of  magmas  upon  Inclusions 
are  usually  to  be  referred  to  an  action  other  than  the  direct  solution  of 
inclusions  In  superheated  magma.  An  application  of  the  conception 
of  the  reaction  series  to  the  solution  of  the  problem  affords  an  explana- 
tion of  the  effects  of  magmas,  even  though  saturated.  Certain  principles 
governing  the  effects  of  liquid  upon  inclusions  belonging  to  reaction 
series  can  be  developed  by  studying  the  equilibrium  diagrams  of  sys- 

1  Cf.  W.  C.  BroKger,  "Die  Eruptivgesteine  dcs  Kristianiagtbictes  IV,"  Vidensk.  Selsk.  Skr.  I.  Mat. 
NatuTV.  KL,   1920. 

2  An  alternative  explanation  of  these  rocks  has  been  offered  which  interprets  the  carbonates  as  a 
later  introduction  having  a  replacing  relation  to  the  silicate  minerals.  N.  L.  Bowen,  Amer.  Jour. 
Sci.,  8,   1924,  p.   1  ;  ibid.,  12,   1926,  p.  499- 

3  P.  Eskola,  "On  the  Igneous  Rocks  of  Sviatoy  Noss  in  Transbaikalia,"  Finska  Vetensk.-Soc. 
Forhdndl.,  43,   1920-2,  No.   1,  p.  96.  See  also  Brouwer,  Jour.  Ceol.,  36,   1928,  p.  545. 
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terns  involving  both  continuous  and  discontinuous  reaction  series.  In 
this  manner  it  can  be  decided  definitely  that  a  liquid  saturated  with  a 
certain  member  of  a  reaction  series  is  effectively  supersaturated  with  all 
preceding  members  of  that  series.  It  cannot  dissolve  such  members  but 
can  only  react  with  them  to  convert  them  into  the  members  with  which 
it  is  saturated.  The  reaction  is  not  a  simple  subtraction  from  the  liquid 
of  the  material  necessary  for  this  transformation,  but  some  precipitation 
from  the  liquid  itself  is  involved  and  the  liquid  ordinarily  maintains  its 
position  on  the  same  saturation  surface.  The  products  of  cr)'stalli7ation 
from  the  liquid  and  the  possible  course  of  fractional  crystallization  are 
thus  unaffected. 

On  the  other  hand,  a  liquid  saturated  with  a  certain  member  of  a  re- 
action series  is  unsaturated  with  all  subsequent  members  of  the  series. 
Inclusions  consisting  of  these  later  members  can  become  a  part  of  the 
liquid  by  a  sort  of  reactive  solution,  the  heat  of  solution  of  inclusions 
being  supplied  by  the  precipitation  of  their  heat  equivalent  of  the  mem- 
ber of  the  series  with  which  the  liquid  is  saturated.  It  should  be  noted 
that  the  material  that  can,  by  this  reactive  process,  become  a  part  of  the 
liquid  must  consist  of  a  later  member  of  the  reaction  series,  that  is,  must 
be  material  toward  which  the  liquid  could  pass  spontaneously  by  frac- 
tional crystallization.  The  net  effect  upon  the  liquid  is,  then,  to  push  It 
onward  upon  its  normal  course. 

In  Table  II  the  products  of  crystallization  of  subalkaline  magmas  are 
arranged  as  reaction  series,  as  definitely  as  may  be  in  such  complex 
series.  The  action  of  magmas  upon  foreign  inclusions  of  igneous  origin 
may  be  deduced  from  this  arrangement  of  the  crystalline  products  as 
series  by  application  of  the  principles  developed  from  the  above  study  of 
simple  systems.  Thus  we  find  that  a  granitic  magma  saturated  with 
biotite  cannot  dissolve  olivine,  pyroxene,  or  amphibole,  but  can  only 
react  with  them  to  convert  them  into  biotite,  the  phase  with  which  it  is 
saturated.  Or,  staged  more  generally,  no  saturated  magma  can  dissolve 
inclusions  consisting  of  minerals  belonging  to  an  earlier  stage  of  the 
reaction  series  (usually  more  basic). 

Saturated  basic  magma,  on  the  other  hand,  will  react  with  inclusions 
belonging  to  a  later  stage  of  the  reaction  series  (more  acidic),  the  reaction 
being  of  such  a  nature  that  the  inclusions  become  a  part  of  the  liquid  by 
precipitating  their  heat  equivalent  of  the  phases  with  which  the  magma 
is  saturated  (basic  minerals).  The  inclusions,  it  should  be  noted,  must 
be  of  a  composition  toward  which  the  liquid  could  pass  spontaneously 
by  fractional  crystallization.  Thus  saturated  basaltic  magma  can  dis- 
solve granitic  inclusions  by  precipitating  basic  minerals  and  the  granitic 
material  passing  into  solution  then  becomes  a  contribution  to  the  normal 
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granitic  differentiate  that  may  form  by  fractional  crystallization  if  the 
conditions  are  appropriate. 

The  behavior  of  inclusions  of  sedimentary  origin  is  more  complicated 
since  sedimentary  material  does  not  belong  in  the  reaction  series.  A  con- 
sideration of  the  extent  and  nature  of  the  variation  of  composition  pos- 
sible in  the  crystalline  phases  formed  from  a  magma  shows  that  the 
incorporation  of  considerable  amounts  of  sedimentary  material  would 
ordinarily  bring  about  merely  an  adjustment  in  the  composition  and 
relative  proportions  of  existing  phases.  As  a  result  of  the  non-appearance 
of  new  phases,  the  general  course  of  fractional  crystallization  is  un- 
affected. In  general,  the  adjustment  noted  takes  place  through  precipi- 
tation of  the  phases  with  which  the  magma  is  saturated.  As  an  example 
it  may  be  stated  that  the  addition  of  highly  aluminous  sediments  to 
basic  magma  should  bring  about  the  formation  of  anorthite  and  enstatite 
molecules  at  the  expense  of  diopslde  molecules  and  should  therefore 
cause  the  precipitation  of  crystals  rich  in  anorthite  and  enstatite.  Such 
action  may  have  been  important  in  the  formation  of  many  norites.  The 
foreign  material  becomes  a  part  of  the  general  mass  as  a  result  of  re- 
action and  precipitation  rather  than  by  simple  solution. 

The  Cortlandt  series  of  New  York,  with  its  inclusions,  affords  an 
illustration  of  the  behavior  of  aluminous  sediments  in  basic  magma. 
Such  sediments  may  be  regarded  as  consisting  in  part  of  material  cor- 
responding in  composition  with  igneous  material  late  in  the  reaction 
series,  together  with  a  certain  excess,  which  is  highly  aluminous.  The 
former  may  become  a  part  of  the  liquid  by  the  method  of  reactive  solu- 
tion already  described.  There  results  the  piling-up  of  the  highly  alumi- 
nous excess  in  the  inclusions,  with  formation  of  such  minerals  as  silli- 
manite.  Moreover,  as  a  consequence  of  what  may  be  somewhat  loosely 
called  the  instability  of  sillimanite  in  contact  with  liquid  rich  in  anor- 
thite or  magnesian  silicates,  alumina  is  set  free  as  corundum.  This  con- 
dition is  transient,  however,  and  even  these  residues  from  the  inclusions 
may  become  a  part  of  the  general  mass  as  a  result  of  tbe  reactive  precipi- 
tation noted  above.  The  net  result  is  the  formation  of  noritic  material 
with  an  increase  in  amount  of  the  acidic  differentiate  normally  possible. 

The  addition  of  limestone  to  basaltic  magma  may  perhaps  give  rise 
to  a  liquid  capable  of  precipitating  melilirc  in  some  cases  and  from 
such  a  liquid  it  is  possible  that  some  alkaline  rocks  m.ay  form  by  fur- 
ther differentiation.  It  does  not  seem  possible  that  limestone  inclusions 
can  desilicate  a  granitic  magma  in  such  a  way  as  to  give  rise  to  a  liquid 
capable  of  precipitating  feldspathoids.  However,  if  limestone  inclusions 
were  present  during  the  differentiation  of  the  more  basic  liquid  from 
which  the  granitic  liquid  may  have  formed,  the  presence  of  such  inclu- 
sions might  reduce  the  amount  of  free  silica  associated  with  the  alkaline 
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feldspar  in  this  liquid  to  such  an  extent  that  the  normal  tendency  of 
orthoclase  to  break  down  into  leucite  would  manifest  itself.  Thus  rocks 
bearing  leucite,  and  possibly  other  feldspathoids,  might  form,  but  influ- 
ences prevailing  during  early  stages  of  differentiation,  other  than  the 
presence  of  foreign  matter  such  as  limestone,  may  likewise  lead  to  the 
formation  of  leucite. 

In  conclusion,  it  may  be  stated,  therefore,  that  magmas  may  incorporate 
considerable  quantities  of  foreign  inclusions,  both  by  the  method  of 
reactive  solution  and  by  reactive  precipitation,  and  such  action  may 
have  been  important  in  connection  with  the  production  of  certain  indi- 
vidual masses.  Thus  some  norites  may  have  been  produced  as  a  result 
of  the  reactions  discussed  above,  some  granites  may  have  had  their 
mass  augmented  by  reactive  solution  of  granitic  inclusions  in  the 
magma  from  which  they  diiferentiated,  some  alkaline  rocks  may  have 
been  formed  as  a  result  of  the  presence  of  limestone  inclusions  in  the 
liquid  from  which  they  differentiated.  All  of  these  actions  are,  however, 
an  emphasizing  of  normal  processes  possible  in  the  absence  of  foreign 
matter.  It  is  doubtful  whether  the  presence  of  foreign  matter  is  ever 
essential  to  the  production  of  any  particular  type  of  differentiate. 


PART    TWO 


CHAPTER     XI 

THE  FORMATION  OF  MAGMATIC  LIQUID  VERY  RICH 
IN  POTASH  FELDSPAR 

IN  THE  study  of  natural  glasses  given  in  Chapter  VIII  no  rocks 
of  that  kind  were  found  having  compositions  corresponding  with 
highly  sodic  granites  and  the  conclusion  was  reached  that  probably 
highly  sodic  granites  were  not  formed  from  liquids  of  their  own  com- 
position. On  the  other  hand  glassy  rocks  having  the  composition  of 
highly  potassic  granites  are  found  among  the  pitchstones.  Correspond- 
ing liquids  must  therefore  be  reckoned  with  in  any  theory  of  the  deriva- 
tion of  rocks,  though  it  is  not  necessary  to  suppose  that  all  potash-rich 
granites  are  derived  from  such  liquids. 

It  is  very  easy  to  derive  these  potash-rich  liquids  by  means  of  liquid 
immiscibility,  gaseous  transfer,  or  the  like,  because  these  processes 
always  do  just  what  one  may  wish  them  to  do.  In  the  case  of  fractional 
crystallization  some  difficulty  is  presented.  If  the  feldspars  have  that 
relation  to  each  other  which  is  commonly  accepted,  a  liquid  very  rich  in 
potash  feldspar  would  never  appear  as  a  mother  liquor  of  crystalliza- 
tion. We  shall  therefore  offer  a  modification  of  accepted  views  on  this 
relation  that  may  render  more  credible  the  derivation  of  potash-rich 
liquid  by  fractional  crystallization.  In  some  measure  we  may  be  regarded 
as  adopting  the  same  tactics  as  the  proponents  of,  say,  liquid  immisci- 
bility:  we  are  attempting  to  make  crystallization  do  just  what  we  want 
it  to  do.  But  there  is  this  difference.  We  shall  point  to  certain  pertinent 
characters  of  rocks  as  offering  at  least  some  support  for  the  fundamental 
assumptions. 

If  the  relation  between  the  three  feldspars  NaAlSigOg,  CaALSiaOg  and 
KAlSi.Os  were  that  deduced  by  several  investigators  of  rocks  there 
would  be  no  possibility  of  the  derivation  of  potash-rich  granitic  liquid 
as  a  mother  liquor  in  the  fractional  crystallization  of  basaltic  liquid. 
These  investigators  have  deduced  a  eutectic  relation  between  anorthite 
and  potash  feldspar  which  gives  a  ternary  diagram  of  the  general  form 
shown  in  Fig.  57  on  the  sides  of  which  have  been  erected  the  deduced 
binary  diagrams.  The  incongruent  melting  of  potash  feldspar  makes 
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it  impossible  to  represent  equilibrium  in  any  such  manner,  nevertheless 
the  relations  between  the  feldspars  might  be  as  shown,  in  a  liquid  with 
enough  excess  silica  to  neutralize  the  breaking  down  of  orthoclase.  The 


Fig.  57.     Binary  and  ternary  figure  of  the  system,  orthoclase-albite-anorthite  as 
tlie  relations  are  ordinarily  assumed  to  be. 


diagram  might  then  be  regarded  as  exhibiting  equilibrium  in  such  a  liquid 
with  the  excess  silica  not  shown.  There  is,  however,  much  reason  for 
believing  that  the  relations  in  such  a  liquid  are  not  in  accord  with  these 
deductions.  Upon  the  potash  feldspar-albite  diagram  there  is  some  dif- 
ference of  opinion  as  to  details  but  there  is  little  reason  to  doubt  the 
general  correctness  of  the  diagram  as  given,  always,  of  course,  with  the 
proviso  that  in  the  pure  feldspar  liquids  the  complication  due  to  the 
incongruent  melting  of  orthoclase  must  show  in  all  compositions  close  to 
orthoclase.  But  neglecting  this  factor  or  considering  it  in  the  manner 
suggested  above,  potash  feldspar  and  albite  are  preferably  to  be  re- 
garded as  having  a  eutectic  with  extensive  solid  solutions  on  either 
side.  Many  papers  have  been  written  on  this  subject.  Vogt  has  recently 
attacked  the  problem  again  and  his  paper  gives  references  to  all  the 
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others.^  Of  the  complete  solid  solution  between  albite  and  anorthite 
there  is,  of  course,  no  question  to  be  raised. 

The  relation  between  potash  teldspar  and  anorthite  requires  recon- 
sideration. In  the  first  place  it  is  unlikely  that  the  eutectic,  if  there  were 
one,  would  lie  very  far  from  orthoclase  with  its  melting  point  (incon- 
gruent)  at  1170^^  and  that  of  anorthite  at  1550°.  In  addition  there  is 
much  evidence  in  rocks  to  suggest,  if  not  to  prove,  that  the  relation 
between  orthoclase  and  basic  plagioclase,  including  anorthite,  is  not 
of  the  eutectic  kind.  Rocks  which  contain  basic  plagioclase  together  with 
orthoclase  are  not  among  the  commonest  but  are  nevertheless  quite  well 
known  and  there  is  in  such  rocks  a  very  striking  tendency  for  the  potash 
feldspar  to  occur  as  shells  about  the  plagioclase.  In  absarokites  it  is 
common,  according  to  Iddings,  for  the  orthoclase  crystals  to  have  minute 
cores  of  labradorite.-  In  shoshonite  and  banakite  the  orthoclase  occurs 
in  zones  surrounding  labradorite,  according  to  the  same  author  {op.  cit., 
pp.  946-8).  In  various  types  of  rocks  in  the  Roman  Comagmatic  Region 
phenocrysts  of  "labradorite  or  anorthite  are  surrounded  by  mantles  of 
orthoclase."^  A  "syenitic"  rock  from  Korea  has  feldspars  with  a  core 
of  labradorite-andesine  surrounded  by  a  shell  of  soda-orthoclase.*  The 
mantling  relation  between  these  two  minerals  would  thus  appear  to  be 
common  in  rocks  which  are  cooled  in  the  appropriate  manner  (rather 
rapidly)  to  bring  it  out. 

This  formation  of  orthoclase  as  a  mantle  about  basic  plagioclase  casts 
much  doubt  on  the  eutectic  relation  of  these  minerals.  It  is  characteristic 
of  pairs  of  minerals  which  have  a  reaction  relation  such  as  that  ex- 
hibited by  olivine  and  pyroxene  or  by  pyroxene  and  amphibole  and  is 
unknown  in  pairs  of  minerals  such  as  plagioclase  and  pyroxene  which 
lack  this  relation.  Incidentally  it  may  be  noted  that  a  mantling  of  the 
one  by  the  other  does  not  occur  with  orthoclase  and  highly  sodic  plagio- 
clase which  is  in  accord  with  the  deduced  eutectic  relation  at  that  end  of 
the  plagioclase  series,  A  diagram  can  be  constructed  for  anorthite  and 
orthoclase  which  shows  a  reaction  relation  between  them  and  which  has 
a  considerable  degree  of  probability  for  other  reasons.  The  diagram 
is  as  shown  in  Fig.  58.  The  fact  that  there  is  only  very  limited  solid 
solution  at  either  end  may  be  regarded  as  established  by  the  known 
composition  of  the  natural  minerals.  A  notable  feature  is  that,  just  as  in 
the  albite-anorthlte  system,  the  crystals  are  always  enriched  in  anor- 
thite with  respect  to  the  liquid.  Unlike  the  plagioclase  system,  however, 
there  is  no  continuous  change  of  composition  of  the  crystals  from  the 
one  end  member  to  the  other.  The  phase  anorthite  with  only   a  little 

1  akr.  Norsk  Vidensk-Akad.,  I,  No.  4,   1926. 

2  Jour.  GeoL,  3,   1895,  pp.  940-2. 

3  H.  S.  Washington,  Carnegie  Inst.  Wash.,  Pub.  No.  57,  1906. 

4  T.  Ito.  Jour.  Faculty  Sci.  Tokyo  Univ.,  I,   1925,  p.    105. 


230 


THE  EVOLUTION  OF  IGNEOUS  ROCKS 


orthoclase  in  solution  separates  at  all  temperatures  above  the  reaction 
point  Z.  At  this  point  the  crystals  react  witli  the  liquid  and  are  converted 
(partly  or   wholly,  depending  on  the   rchitive  amount   ot    liquid)    into 
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Fig.  58.     Equilibrium  diagram  of  orthoclase  and  anorthite  assuming  a  reaction 
(not  a  eutectic)  relation  and  neglecting  incongruent  melting  of  orthoclase. 


orthoclase  crystals  with  only  a  little  anorthite  in  solid  solution.  If  this 
relation  holds  for  anorthite  with  orthoclase  it  must  hold  for  basic 
plagioclase  with  orthoclase  as  well.  It  must  disappear  before  a  very 
sodic  plagioclase  is  reached,  for  here  there  is  every  reason  to  accept 
a  eutectic  relation  with  orthoclase.  The  very  general  tendency  for  ortho- 
clase to  occur  as  a  mantle  about  anorthite  and  labradorite  in  rocks  con- 
taining both  would  be  accounted  for  by  a  relation  such  as  that  described, 
extending  from  anorthite  at  least  as  far  as  labradorite. 

This  reaction  relation  of  basic  plagioclase  and  potash  feldspar,  ren- 
dered so  highly  probable  by  the  frequent  mantling  relation,  carries  with 
it  many  consequences,  the  first  of  which  to  be  discussed  will  be  the  [)os- 
sibility  of  the  production  of  potash-rich  liquid  of  a  granitic  nature  by 
fractional  crystallization.  In  Fig.  59  is  given  a  ternary  diagram  of  the 
feldspars  which  takes  account  of  the  reaction  relation  we  have  just  dis- 
cussed. Again  it  is  desirable  for  the  sake  of  simplicity  to  neglect  the 
incongruent  melting  of  orthoclase  or,  better  stated,  to  consider  the  rela- 
tions in  a  liquid  with  excess  SiO^  which  neutralizes  this  effect,  and  yet 
not  to  plot  this  excess  SiOo. 

The  boundary  curve  between  the  fields  of  orthoclase  and  plagioclase 
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must  occupy  some  such  position  as  ENR  extending  from  the  eutectic, 
orthoclase-albite  at  E  to  the  reaction  point  orthoclase-anorthite  at  R. 
The  curve  OXP  indicates  the   limit  of  solid  solution   of   orthoclase  in 


Fig.  59.  Ternary  diagram  of  the  system,  orthoclase-anorthite-albite  with  assumed 
reaction  relation  of  orthoclase  to  basic  plagioclase  and  incongruent  melting  of 

orthoclase  neglected. 

plagioclase  and  the  curve  LNM  indicates  the  limit  of  solid  sol.ution  of 
plagioclase  in  orthoclase.  Various  points  along  these  curves  of  saturated 
solid  solutions  thus  indicate  the  compositions  of  the  two  kinds  of  feld- 
spar crystals  jointly  in  equilibrium  with  liquids  represented  by  points 
along  the  boundary  curve  ENR.  It  will  be  noted  that  the  solid  solution 
curve  LNM  cuts  the  boundary  curve  ENR  at  N.  The  liquids  along  the 
boundary  curve  are  thus  divided  into  two  classes.  In  the  first  class  are 
those  extending  from  E  to  N  (approximately)^  which  are  in  equilibrium 

1  The  word  "approximately"  is  inserted  here  to  indicate  the  fact  that,  while  the  liquids  are 
divided  into  the  two  classes  noted,  there  are  liquids  close  to  N  that  present  even  more  complex 
relations.  These  need   not   be   further  discussed    in    the   present   connection. 
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with  two  kinds  of  crystals  having  compositions  lying  on  opposite  sides  of 
the  boundary  curve.  These  crystals  (orthoclase  solid  solution  and  sodic 
plagioclase)  are  therefore  simultaneously  subtracted  from  the  liquid. 
In  the  second  class  are  those  extending  from  R  to  N  (approximately) 
which  are  in  equilibrium  with  two  kinds  of  crystals  having  compositions 
lying  on  the  same  side  of  the  boundary  curve.  The  one  kind  of  these 
crystals  (orthoclase  solid  solution)  is  subtracted  from  the  liquid  but 
the  other  kind  (plagioclase  solid  solution)  reacts  with  the  liquid  to  pro- 
duce orthoclase  solid  solutions  and  thus  gives  the  mantling  of  calcic 
plagioclase  with  orthoclase  which  is  their  characteristic  relation. 

In  the  discussion  of  fractional  crystallization  of  plagioclase  liquids 
in  Chapter  VII  it  was  unnecessary  for  the  purpose  then  in  view  to  make 
any  definite  assumption  as  to  the  position  of  the  orthoclase-plagioclase 
boundary  curve.  Now  that  a  conclusion  has  been  reached  as  to  the 
general  position  of  this  boundary  curve  (ENR  of  Fig.  59)  we  may  en- 
large upon  that  discussion  to  some  extent,  especially  by  way  of  pointing 
out  the  possibility  of  the  development  of  potash-rich  granitic  liquids 
by  fractional  crystallization. 

In  the  crystallization  of  the  liquid  X  (Fig.  59)  there  are  two  principal 
possibilities.  The  first  involves  relatively  high  fractionation  (low  re- 
action) giving  a  curve  such  as  XY  which  meets  the  boundary  at  a  point 
(Y)  lying  between  E  and  N.  When  the  point  Y  is  reached  rather  sodic 
plagioclase  is  joined  by  orthoclase  and  if  there  is  further  fractionation 
the  liquid  may  move  somewhat  along  the  boundary  curve  towards  E. 
There  are  thus  produced  liquids  which  in  their  feldspar  proportions  are 
analogous  to  the  largest  class  of  granitic  glasses,  namely,  the  obsidians. 
They  have  rather  balanced  proportions  of  potash  and  soda  feldspar. 
If,  therefore,  this  fractionation  took  place  in  basaltic  liquid  and  was 
accompanied  by  that  impoverishment  of  femic  constituents  and  those 
effects  that  lead  to  the  formation  of  free  silica,  we  appear  to  have  the 
definite  possibility  of  the  development  of  residual  liquids  of  the  nature 
of  obsidian.  The  details  of  this  process  have  already  been  discussed. 

The  second  possibility  involves  relatively  low  fractionation  (high 
reaction),  at  least  at  early  stages,  whereby  the  liquid  follows  a  course 
such  as  XZ,  encountering  the  boundary  curve  at  the  point  Z  when  the 
plagioclase  crystals  in  equilibrium  with  the  liquid  are  still  (in  virtue 
of  low  fractionation)  rather  highly  calcic.^  The  point  Z  lies  between 
N  and  R  and  the  orthoclase  solid  solution  which  now  begins  to  separate 
has  a  reaction  relation  to  the  plagioclase  and  the  liquid.  If  the  reaction 

1  A  course  of  the  liquid  such  as  XZ  is  definitely  assured  in  any  part  of  a  mass  w;here  there  has 
been  enrichment  in  calcic  plagioclase  crystals  relative  to  liquid.  A  mass  in  which  plagioclase 
crystals  have  accumulated  by  settling  or  a  mass  from  which  some  liquid  has  been  squeezed  out 
would  thus  have  interstitial  liquid  that  would  follow  a  course  such  as  XZ,  whereas  the 
squeezed-out  liquid  would  follow  a  course  such  as  XY. 
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can  take  place  freely  the  liquid  will  again  move  somewhat  along  the 
boundary  curve  towards  E,  but  if  reaction  is  prevented  for  any  reason, 
such  as  mantling  of  the  plagloclase  or  squeezing  out  of  residual  liquid, 
the  liquid  Z  will  crystallize  in  total  disregard  of  past  plagioclase  crys- 
tals. Thus  this  liquid,  which  is  already  very  rich  in  orthoclase  molecules 
will  leave  the  boundary  curve  and  pass  into  the  orthoclase  field  with 
separation  of  orthoclase  solid  solution  and  still  greater  enrichment  of 
the  liquid  in  orthoclase  molecules  in  a  manner  analogous  to  that  more 
simply  shown  in  the  binary  system,  anorthite-orthoclase  as  depicted  in 
Fig.  58.  There  would  thus  appear  to  be  the  definite  possibility  of  pro- 
ducing from  basaltic  liquid,  by  appropriate  fractionation,  a  potash-rich 
granitic  liquid  corresponding  with  the  smaller  class  of  natural  glasses 
represented  by  pitchstones. 


CHAPTER     XII 


THE  ALKALINE  ROCKS 


GENERAL  NOTE 


THE  alkaline  rocks  constitute  a  group  that  is  difficult  to  mark 
off  sharply  from  their  more  abundant  sub-alkaline  relatives. 
It  is  equally  difficult  to  single  out  any  definite  character  that 
may  be  said  to  distinguish  the  alkaline  rocks.  Perhaps  the  outstanding 
feature  of  the  more  notably  alkaline  types  is  that  they  contain  one  or 
more  members  of  the  group  of  minerals  known  as  feldspathoids. 

The  most  prominent  feldspathoidal  rock  is  nephelite  syenite  and  in  a 
former  publication  a  mode  of  origin  of  nephelite  syenites  was  suggested 
in  which  the  corresponding  magma  was  regarded  as  the  residual  liquid 
of  granitic  magma,  crystallized  in  the  appropriate  manner.^  Reliance 
was  placed  upon  the  indications,  furnished  by  the  presence  of  biotite  in 
granite,  that,  in  the  presence  of  water,  there  is  a  tendency  towards  the 
breakdown  of  the  polysilicate  molecules  of  the  feldspars  into  the  ortho- 
silicate  molecules  of  the  micas,  with  setting  free  of  Si02.  The  mica  and 
some  of  the  quartz  of  this  stage  are  thus  accounted  for  and  equations 
have  been  given  on  p.  83  to  indicate  the  general  type  of  reaction  referred 
to.  This  method  of  origin  of  nephelite  syenite  is,  therefore,  very  similar 
to  that  which  had  previously  been  suggested  by  Smyth  in  that  it  assigns 
to  the  volatile  components  an  important  role  in  the  origin  of  alkaline 
rocks.'-  In  the  above-mentioned  suggestion  as  to  the  origin  of  nephelite 
syenites  the  molecule  NaAlSiO^  was  regarded  as  one  of  the  molecules 
originating  from  this  action,  and  it  was  considered  that,  as  the  result 
of  precipitation  of  the  other  molecules  in  the  form  of  mica  and  quartz, 
there  would  be  a  concentration  of  the  NaAlSiO,  molecule  in  the  residual 
liquor  at  a  certain  stage.  The  separation  of  the  residual  liquor,  prob- 
ably by  a  squeezing-out  process,  might  then  occur  and  thus  an  inde- 
pendent phonolitic  liquid  might  originate.  On  the  other  hand  if  the 
liquor    remained    in    contact    with    the    granitic    minerals,    crystalline 

1  N.L.  Bowen,  Jour.  Gcol.,  23,  Suppl.   1915,  p.  SS- 

2  C.  H.  Smyth,  Jr.,  Am.  Jour.  Sci.,  36,   1913,  p.  46. 
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nephelite  (unlike  biotite)  being  incompatible  with  quartz,  the  liquid 
would  not  precipitate  nephelite  but  would  react  with  quartz  to  form 
albite  from  the  nephelite  molecules.  Against  this  mode  of  origin  of 
nephelite  syenite  it  may  be  urged  that  in  some  cases,  where  the  final 
cooling  had  been  too  rapid  to  permit  this  final  reaction,  one  would  expect 
to  find  phonolitic  interstitial  material  in  granite  just  as  one  may  find, 
from  similar  causes,  quartzose  interstitial  matter  in  olivine-bearing  rocks. 
Tint  the  two  cases  are  not  strictly  parallel,  for  the  amount  of  interstitial 
liquor  of  the  hypothetical  phonolitic  character  would  be  very  small 
compared  with  the  crystals  with  which  it  may  react  and  it  exposes  a 
large  surface  to  these  crystals.  Moreover,  the  condition  then  existing 
could  have  originated  only  as  the  result  of  very  slow  cooling  and  this 
slow  cooling  must  continue,  for  the  mass  is  so  near  complete  consolida- 
tion as  to  render  it  impossible  to  inject  it  in  bulk  into  a  small  fissure 
where  alone  it  might  experience  rapid  final  cooling.  Only  the  intersti- 
tial liquor  is  capable  of  such  injection. 

Another  objection  that  may  be  raised  to  the  stated  method  of  origin 
of  nephelite  syenite  as  a  residual  from  granite  is  that  there  is  a  tendency 
for  granites  to  give  quartzose  pegmatite  and  finally  quartz  veins  as 
residuary  material.  It  is  possible,  however,  that  this  running  on  into 
quartz  veins  is  prominent  only  when  the  feldspar  fractionation  as  out- 
lined in  Chapter  XI  has  been  of  the  kind  which  produces  the  potash-rich 
granitic  material,  granitic  pegmatite,  as  originally  constituted,  being  of 
such  a  nature.  On  the  other  hand  it  appears  that  when  the  fractionation 
is  such  that  a  more  sodic  granite  is  produced,  the  liquid  may  push  on 
into  alkaline  and  definitely  feldspathoidal  syenites.  This  matter  is  more 
fully  discussed  and  field  examples  are  cited  in  the  original  paper. 

Other  modes  of  development  of  nephelite  syenite  are  suggested  in 
the  following  pages.  One  of  these  depends  on  the  demonstrated  fact  of 
the  incongruent  melting  of  orthoclase.  In  this  method  of  development 
granite  and  nephelite  syenite,  while  intimately  related  genetically,  would 
never  have  a  reaction  relation  to  each  other;  neither  would  ever  occur  as 
interstitial  material  in  the  other.  On  the  other  hand  in  developing  this 
hypothesis  it  will  be  shown  that  interstitial  substance  with  free  silica 
might  occur  in  closely  related  leucite  rocks.  These  conditions  seem  to 
be  definitely  in  accord  with  the  actual  findings  in  rocks. 

Our  present  problem,  then,  is  to  consider  how  rocks  containing  feld- 
spathoids  and  rocks  transitional  towards  these  may  be  developed  from 
magmas  which  ordinarily  give  rise  only  to  quartzose  late  differentiates. 

Much  discussion  has  already  been  given  to  the  factors  which  control 
the  development  of  free  silica  in  magmatic  liquids  and  which  lead  to 
its  precipitation  at  late  stages.  Among  these  factors  was  the  early  sep- 
aration of  olivine  in  excess  of  its  stoichiometric  proportion  and  when  this 
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factor  is  operative  it  would  a[)[)ear  that  the  possibility  of  the  subsequent 
development  of  feldspathoidal  and  related  rocks  is  not  to  be  expected. 
There  are,  however,  probable  conditions  of  cooling  under  which  this 
factor  may  not  be  operative  and  which  therefore  open  up  the  possibility 
that  differentiation  may  proceed  towards  a  syenitic  rather  than  a  granitic 
final  liquid. 

TR.ACHYTIC  ROCKS 

In  describing  Fig.  14  there  has  already  been  discussed  the  olivine  con- 
trol over  the  development  of  free  silica  in  late  liquids.  In  this  system  we 
are  concerned  with  the  reaction  relation  between  forsterite  and  clino- 
enstatite.  Development  of  free  silica  as  a  result  of  similar  factors  was 
discussed  in  connection  with  Fig.  20  also.  There  the  reaction  relation 
obtained  between  forsterite  and  a  series  of  pyroxenes  which  may  be 
called  enstatite-diopsides.  But  of  this  series  of  pyroxenes  only  some  show 
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Fig.  60.     Diagram  to  illustrate  alternative  modes  of  crystallization  of  liquids  of 
the  composition  of  some  of  the  pyroxenes  of  the  enstatite-diopside  series. 

the  reaction  relation.  Diopside  itself  and  those  extending  as  far  as 
80  per  cent  diopside-20  per  cent  MgSiO.,  do  not  have  this  relation  to  for- 
sterite. Pyroxenes  lying  just  beyond  this  range  present  interesting  possi- 
bilities of  alternative  behavior  (depending  on  the  conditions  of  cooling) 
which  we  shall  now  discuss.  The  relations  will  be  shown  in  an  enlarged 
diagram,  Fig.  60,  dealing  particularly  with  the  area  close  to  the  point 
of  intersection  of  the  pyroxene  conjugation  line  (of  which  FE  is  a  part) 
and  the  boundary  curve  (of  which  GNH  is  a  part).  A  liquid  of  the  com- 
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position  of  the  pyroxene  P  begins  to  crystallize  with  separation  of  for- 
sterite  and  the  liquid  changes  in  composition  to  O.  When  the  temperature 
and  composition  O  are  reached  pyroxene  of  the  composition  L  begins  to 
crystallize.  The  composition  of  the  liquid  now  changes  along  the  boun- 
dary curve,  forsterite  reacting  with  liquid  and  pyroxene  separating  until 
the  liquid  has  the  composition  N.  At  this  temperature  all  the  forsterite 
has  disappeared  and  the  pyroxene  has  the  composition  K.  Thenceforth 
the  mass  behaves  as  a  simple  binary  mixture  and  its  behavior  is  ex- 
pressed by  the  binary  diagram  of  Fig.  60,  in  which  the  points  N,  P  and 
K  correspond  with  the  points  so  lettered  in  the  ternary  figure.  This 
simple,  binary  crystallization  need  not  be  discussed.  Suffice  it  to  say  that 
the  final  product  is  simply  the  pyroxene  P. 

Such  is  the  behavior  of  the  liquid  P  when  perfect  equilibrium  and  no 
fractionation  obtain,  but  it  is  plain  that  the  liquid,  when  it  had  the 
composition  O,  might  fail  to  react  with  forsterite  crystals  whether  as  a 
result  of  bodily  removal  or  armoring  of  these  crystals.  In  such  a  case 
the  liquid  O  would  not  follow  the  boundary  curve  but  would  cross  the 
pyroxene  field  and  reach  the  pyroxene-silica  boundary  curve  where  free 
SiO,  crystallizes  as  tridymite.  Failure  to  pass  over  to  liquids  from  which 
SiOo  crystallizes  may  be  accomplished,  as  has  been  noted,  by  complete 
reaction  of  the  liquid  with  the  early-crystallized  forsterite,  but  it  may 
be  accomplished  in  another  manner  as  well.  If  the  liquid  cooled  so 
rapidly  at  first  that  no  crystallization  took  place  till  the  temperature  of 
the  point  N  was  attained  then  no  crystallization  of  forsterite  would  occur 
but  crystallization  would  begin  with  the  separation  of  pyroxene.  Frac- 
tionation might  occur  during  this  crystallization  but  the  possibility  of 
passing  over  to  liquids  containing  free  silica  would  not  enter.  Thus  if 
pyroxene  of  that  nature  occurred  in  a  melt  with  plagioclase  the  frac- 
tional crystallization  might  give  rise  to  liquids  ever  richer  in  alkaline 
feldspar  without  developing  any  free  quartz.  A  syenitic  (trachytic) 
differentiate  is  thus  a  possible  alternative  to  the  granitic  differentiate 
if  the  pyroxene  lies  anywhere  between  N  and  K.  As  shown  in  the  figure 
this  is  a  very  wide  range  of  pyroxene  compositions  extending  from  about 
80  per  cent  diopside-20  per  cent  enstatite  to  40  per  cent  diopside-6o  per 
cent  enstatite.  Pyroxenes  outside  this  range  do  not  show  the  same  alterna- 
tive possibilities.  Those  from  N  to  diopside  never  precipitate  excess 
olivine  and  therefore  can  not  be  the  cause  of  development  of  free 
silica  in  a  late  liquid.  Those  from  K  to  enstatite  always  precipitate  excess 
olivine  but  the  liquid  in  equilibrium  with  both  pyroxene  and  olivine 
always  contains  excess  SiOj  at  every  stage  of  crystallization.  At  no  time 
could  fractionation,  resulting,  say,  from  armoring  of  olivine  or  other- 
wise, give  rise  to  any  type  of  liquid  except  that  with  excess  SiOo. 

Those  pyroxenes  extending  from  N  to  K  are  thus  the  only  pyroxenes 
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whose  presence  introduces  the  possibility  of  the  alternative  develop- 
ment of  either  a  syenite-like  late  differentiate  or  a  granite-like  late  dif- 
ferentiate. The  question  now  arises  whether  the  natural  pyroxenes  of 
basaltic  magma  or  even  of  some  basaltic  magmas  have  the  same  charac- 
ters as  these  synthetic  enstatite-diopsides  (N  —  K).  It  has  been  well  estab- 
lished as  the  result  of  the  work  of  Wahl,  Holmes,  Washington  and  others 
that  the  pyroxenes  of  plateau  basalts  are  the  so-called  enstatite-augites  or 
hypersthene-augites.  These  pyroxenes  are  comparatively  free  from 
alumina,  indeed  are  essentially  hypersthene-diopsides.  The  only  signifi- 
cant difference  between  these  natural  minerals  and  the  synthetic  pyrox- 
enes whose  relations  have  been  completely  studied  lies  in  the  replace- 
ment of  some  of  the  MgO  by  FeO.  What  modification  of  the  physico- 
chemical  properties  of  the  pyroxenes  will  be  introduced  by  this 
substitution  can  not  be  predicted.  A  small  amount  of  FeO  can,  of  course, 
only  modify  the  relation  somewhat.  It  is  possible  that  the  relation  may 
disappear  when  a  considerable  amount  of  FeO  is  present  but  it  is 
equally  possible  that  it  is  emphasized  by  the  presence  of  FeO,  that  is, 
that  an  even  wider  range  of  pyroxenes  can  induce  this  alternative 
behavior. 

The  enstatite-augites  present  in  many  plateau  basalts  are  the  most 
likely  pyroxenes  to  show  these  properties  as  being  the  nearest  relatives 
of  the  investigated  enstatite-diopsides.  If  it  can  be  assumed  that  the 
pyroxenes  of  the  plateau  basalts  of  Mull  and  the  Hebridean  area  in 
general  are  among  those  having  these  properties  then  a  straightforward 
explanation  of  the  two  lines  of  descent  there  exhibited  is  forthcoming. 
The  gabbro-inninmorite-granophyre  sequence,  on  the  one  hand  (Mull 
Memoir,  p.  14),  and  the  gabbro-mugearite-syenite  sequence  (Mull 
Memoir,  p.  26),  on  the  other,  may  be  the  result  of  alternative  lines  of 
descent,  rendered  possible  by  a  composition  of  the  parental  magma  such 
that,  when  very  quickly  cooled,  it  gives  enstatite-augites  having  physico- 
chemical  characters  like  those  of  the  enstatite-diopsides. 

Some  consideration  may  now  be  given  to  the  probable  control  which 
determines  whether  the  trachytic  or  the  granophyric  material  shall  be 
the  late  differentiate.  It  has  already  been  suggested  that  cooling  suffi- 
ciently slow  to  permit  the  complete  resolution  of  olivine  (or  of  excess 
olivine)  would  determine  a  trachytic  differentiate.  Again  very  rapid 
cooling,  such  that  the  liquid  was  cooled  through  the  temperature  range 
in  which  the  excess  olivine  separates,  might  permit  a  like  result.  The 
alternative  involving  slow  cooling  requires  the  additional  assumption 
that  some  sort  of  stirring  effect  prevented  segregation  of  the  olivine, 
a  possibility  which  can  not  be  denied  and  may  have  been  operative  in 
some  cases.  But  this  combination  of  conditions  does  not  seem  as  likely 
on  general  grounds  as  the  rapid  cooling  of  a  rather  small  mass  in  its 
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early  stages,  followed  by  a  sufficient  slowing-up  of  the  cooling  at  later 
stages  to  permit  some  fractionation.  The  relative  volumes  of  the  rock 
types  concerned  are  in  accord  with  this  general  expectation.  The  trachy- 
tic  differentiates  of  the  Hebridean  rocks  are  of  insignificant  volume  and 
are  therefore  preferably  to  be  referred  to  the  differentiation  of  rather 
small  masses  of  basaltic  magma.  The  granophyric  differentiates,  on  the 
other  hand,  occur  in  some  volume  and  their  content  of  free  silica  is  to 
be  referred  to  the  separation  of  excess  olivine  from  more  considerable 
bodies  of  basaltic  magma  at  early  stages,  and  failure  of  the  resorption 
of  olivine  because  of  armoring  or  segregation  to  form  bodies  of  perido- 
tite,  allivalite,  etc.  It  is  to  be  noted  that,  even  in  a  very  large  mass  whose 
liquid  course  was  dominantly  towards  granitic  composition,  some  part 
of  the  mass  might  have  just  the  right  amount  of  olivine  to  give  barely 
complete  resorption.  The  course  of  the  liquid  might  thus  locally  be  di- 
rected towards  a  trachytic  differentiate. 

In  the  typical  basalt-trachyte  association  the  differentiation  may  pro- 
ceed still  further  in  the  alkaline  direction  and  give  phonolitic  trachyte 
with  a  deficiency  of  SiOo  below  that  necessary  to  convert  all  the  alkalis 
and  alumina  into  feldspars.  The  development  of  phonolite  probably 
does  not  in  this  case  depend  upon  the  preliminary  formation  of  leucite 
as  it  does  in  other  cases  to  be  discussed  later.  If  this  is  true,  there  is 
nothing  in  the  results  of  systems  yet  investigated  to  explain  the  pas- 
sage onward  to  phonolite  in  this  particular  association.  Experimental 
results  have  yet  thrown  light  only  on  the  relations  involving  diopside 
and  the  enstatite-diopsides.  They  indicate  that,  of  these,  only  diopside 
should  occur  together  with  feldspathoid  and  that  if  one  begins  with  any 
plagioclase  and  enstatite-diopside  the  extreme  possible  limit  would  be 
albite  with  a  little  diopside,  i.e.,  a  trachyte-like  product,  not  phonolite- 
like.  But  systems  yet  investigated  throw  no  light  on  the  factors  that 
control  the  development  of  the  alkalic  molecules  in  pyroxene  or  on 
equilibrium  between  the  iron  oxides  and  the  iron  silicates.  Probably  if 
these  were  known  it  would  be  apparent  that  crystallization-differentia- 
tion permits  the  possibility  of  passing  on  to  phonolitic  compositions  from 
the  trachytic. 

A  possible  solution  of  another  of  the  many  problems  raised  by  Hebri- 
dean rocks  may  lie  in  this  same  flexibility  that  is  introduced  by  varia- 
tion of  the  behavior  of  enstatite-augite  with  different  rates  of  cooling. 
It  has  been  noted  that  the  plateau  basalt  magma  of  Mull,  when  rapidly 
cooled,  did  not  develop  a  siliceous  final  residuum  but  rather  tends  to 
develop  analcite.^  This  is  quite  in  accord  with  the  possible  effects  of 
liquids  giving  enstatite-augite  when  rapidly  cooled.  In  such  a  case  there 
may  be  no  excess  separation  of  olivine  and  an  originally  undersilicated 

1  Mull   Memoir,  p.  30.   Sec  also  p.  75  of  the  present   volume. 
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liquid  will  remain  undersilicated  until  the  latest  stages  of  crystalliza- 
tion. At  such  a  stage  and  in  such  a  liquid  the  formation  of  analcite  is 
a  likely  development  if  adequate  water  be  present. 

THE  BASALT-TRACHYTE  ASSOCIATION    OF  OCEANIC  ISLANDS 

It  is  a  well-known  fact  that  the  association  of  basalt  and  trachyte  is 
very  common  in  oceanic  islands.^  The  trachyte  is  of  insignificant  bulk. 
Ordinarily  rhyolites  are  lacking.  If  our  general  thesis  is  correct  the 
trachyte  may  be  regarded  as  a  derivative  of  the  basaltic  magma,  differ- 
entiation having  occurred  through  fractional  crystallization  of  quite 
small  bodies.  The  general  tendency  towards  a  trachytic  differentiate 
might  then  be  referred  to  a  similar  tendency  towards  small  dimensions 
of  the  individual  bodies  of  basaltic  magma.  The  mechanics  of  the  sub- 
oceanic  crust  are  presumably  at  all  times  analogous  to  those  of  conti- 
nents (especially  their  margins),  during  times  of  continental  frag- 
mentation. Intrusive  activity  finds  its  expression  almost  exclusively 
as  dikes  with  occasional,  relatively  insignificant,  plug-like  expan- 
sions. There  is  never  that  tendency  towards  the  formation  of  great 
cake-like  masses  of  magma  which  is  characteristic  of  continental  mechan- 
ics. And  there  is  consequently  little  tendency  to  form  those  differentiates 
of  basaltic  magma  which  result  from  slow  cooling  of  the  basaltic  magma 
even  in  the  very  early  stages  of  cooling.  The  dominance  of  trachytic 
material  among  the  salic  differentiates  and  the  general  lack  of  rhyo- 
litic  material  would  thus  appear  to  be  connected  with  the  mechanics  of 
the  suboceanic  crust. 

FELDSPATHOIDAL  ROCKS 

In  the  foregoing  discussion  of  the  origin  of  potash-rich  granitic  liquids 
and  of  trachytic  rocks  evidence  has  been  offered  of  the  existence  of  a 
reaction  relation  between  basic  plagioclase  and  orthoclase.  In  drawing 
the  diagrams  necessary  to  illustrate  this  condition  the  relations  in  the 
neighborhood  of  orthoclase  have  been  simplified  because  the  true  rela- 
tions would  complicate  the  matter  unnecessarily  for  the  purpose  then 
in  hand.  In  this  simplification  the  incongruent  melting  of  orthoclase  has 
been  neglected  and  the  diagrams  therefore  give  the  relations  developed 
in  a  liquid  with  enough  excess  silica  to  neutralize  this  effect.  For  our 
present  purpose  it  will  be  necessary  to  consider  the  probable  relations 
freed  of  any  such  simplifying  assumptions.  The  fundamental  binary 
diagram  showing  Incongruent  melting  of  orthoclase  is  given  in  Fig.  6l. 
Since  the  demonstration  of  the  incongruent  melting  of  orthoclase  a  num- 
ber of  rather  peculiar  diagrams  have  been  published  which  were  de- 

1  Daly,  "Gcolopy  of  Ascension  Island,"  Proc.  Amer.  Acad.  Arts  Sci.  60,  192J,  p.  75;  Lacroix,  "La 
Constitution  Lithologique  des  lies  volcaniques  de  la  Polynesie  Australe,"  Mem.  Acad.  Sci.  Paris, 
59.   1927. 
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signed  to  show  the  relation  of  orthoclase  to  one  or  more  other  compounds 
and  at  the  same  time  to  show  the  incongruent  melting  of  orthoclase.  The 
full   relation  between  orthoclase  and  either  albite  or  anorthite  can  be 
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Fig.  61.     Binary  diagram  (after  Morey  and  Bowen)  illustrating  the  incongruent 

melting  of  orthoclase. 


properly  shown  only  on  a  three-component  diagram  and  that  between 
orthoclase  and  plagioclase  only  on  a  four-component  diagram.  Diagrams 
of  the  kind  given  in  Fig.  62  are  necessary  in  order  to  show  the  orthoclase- 
anorthite  equilibrium.  In  Fig.  62  (a)  the  equilibrium  is  of  the  kind 
which,  in  the  simplified  diagram,  neglecting  the  incongruent  melting  of 
orthoclase,  shows  as  a  eutectic  relation  between  anorthite  and  ortho- 
clase (Fig.  57).  In  Fig.  62  (b)  the  equilibrium  is  of  a  reaction  nature 
which  shows  in  a  simplified  two-component  diagram  in  the  manner  of 
Fig.  58.  We  have  already  given  reasons  for  preferring  the  reaction  rela- 
tion between  anorthite  and  orthoclase  so  that  Fig.  62  (b)  may  be  taken 
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as  the  preferred  form.  A  study  of  the  figure  will  make  plain  the  advan- 
tage of  presenting  the  relations  first  in  a  simplified  binary  diagram 
even  although  this  is  not  strictly  accurate.  In  the  binary  diagram  (Fig. 


SiO: 


Fig.  62.     Ternary  diagram,  leucite-anorthite-silica.  (a)  Assuming  eutectic  relation 
between  anorthite  and  orthoclase.  (b)  Assuming  reaction  relation  between  anor- 

thite  and  orthoclase. 


58)  the  fact  is  clearly  brought  out  that  the  liquid  is  always  enriched  in 
orthoclase  with  respect  to  the  crystals,  because  the  composition  of  the 
crystals  in  equilibrium  with  each  liquid  is  shown.  In  the  ternary  figure 
the  same  fact  is  shown,  to  be  sure,  but  in  a  much  less  obvious  form.  The 
fall  of  temperature  from  the  ternary  reaction  point,  anorthite-orthoclase 
(solid  solution)-silica,  to  the  binary  point,  orthoclase-silica  is  the  only 
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expression  of  this  fact  in  the  ternary  system.  It  will  be  noted  that  the 
fall  of  temperature  is  in  the  opposite  direction  in  Fig.  62  (a). 

Fig.  62  (b)  need  not  be  described  in  detail.  It  may  be  mentioned,  how- 
ever, that  in  any  mixture  of  anorthite  and  orthoclase  only  (i.e.,  without 
excess  SiO.j)  the  separation  of  anorthite  is  always  followed  by  the  sep- 
aration of  leucite,  not  orthoclase,  though  this  leucite  will,  under  appro- 
priate conditions,  be  converted  to  orthoclase  at  a  subsequent  stage.  The 
addition  of  albite  can  not  instantly  destroy  this  relation.  It  may  there- 
fore be  stated  that  in  any  mixture  of  orthoclase  with  a  basic  plagioclase 
the  separation  of  basic  plagioclase  is  followed  by  the  separation  of 
leucite,  not  orthoclase,  with  subsequent  conversion  of  the  leucite  to 
orthoclase  if  perfect  equilibrium  is  attained.  There  is  no  necessity  that 
the  addition  of  albite  should  ever  destroy  this  relation,  but  there  are 
grounds  for  believing  that  it  does  and  that  the  fields  of  leucite  and 
albite  never  come  together.  At  some  intermediate  plagioclase,  then,  this 
relation  disappears,  but  it  probably  extends  from  anorthite  through 
labradorite  and  perhaps  to  some  andesine.  The  separation  of  the  feld- 
spathoid,  leucite,  is  therefore  to  be  expected  during  the  fractional  crys- 
tallization of  a  magma  containing  basic  plagioclase  with  some  orthoclase 
(say  ordinary  basaltic  magma)  if  the  pyroxene-olivine  reaction  has  been 
such  that  the  liquid  is  not  endowed  with  enough  excess  silica  to  neutralize 
this  effect.  (See  the  discussion  on  pp.  236-7.)  If  there  is  this  amount 
of  excess  silica,  which  may  be  a  very  slight  amount,  the  line  indicating 
the  course  of  crystallization  of  the  mixture,  when  the  plagioclase  is  pure 
anorthite,  will  not  coincide  with  the  join  anorthite-orthoclase  of  Fig. 
62  (b)  but  will  appear  in  that  figure  as  a  line  such  as  XY,  encountering 
the  boundary  of  the  orthoclase  field  at  Y.  Leucite  is  thus  missed  alto- 
gether. A  similar  condition  may  readily  be  pictured  for  the  case  where  the 
plagioclase  is  not  pure  anorthite  but  of  intermediate  composition,  remem- 
bering that  the  relation  disappears  before  sodic  plagioclase  is  reached. 

One  other  point  may  be  noted.  The  boundary  curve  LM  represents 
the  compositions  of  liquids  in  equilibrium  with  both  anorthite  and  ortho- 
clase (solid  solution)  the  relation  being  a  reaction  one.  Again  this  rela- 
tion can  not  be  instantly  destroyed  by  the  addition  of  albite.  It  must 
still  obtain  for  basic  plagioclase  close  to  anorthite,  the  indication  of 
natural  rocks  being,  as  we  have  seen,  that  it  extends  at  least  as  far  as 
labradorite.  The  full  facts  could  be  accurately  expressed  only  with  the 
aid  of  a  tetrahedron  erected  on  the  triangle  of  Fig.  62  (b),  but  by 
plotting  the  equilibrium  as  it  exists  in  a  liquid  with  a  little  excess  silica 
the  relations  can  be  shown  as  they  have  been  in  Fig.  5'9.  In  that  figure 
the  solid  solution  line  and  the  boundary  curve  cross  each  other,  the  rela- 
tion being  of  the  reaction   type  on  the  anorthite  side  and  eutectic-like 
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on  the  albite  side.  The  advantage  of  showing  the  equilibrium  with  the 
aid  of  this  simplified  diagram  is  very  apparent. 

Recourse  must  be  had,  however,  to  a  tetrahedral  figure  in  order  to 
show  adequately  the  factors  sometimes  involved  in  the  production  of 
feldspathoidal  rocks,  not  only  leucite-bearing  varieties  but  nephelite- 
bearing  varities  as  well.  The  four  faces  of  the  tetrahedron  are  shown 
in  Fig.  63.  The  base  or  central  triangle  has  as  its  corners  NaAlSiO^, 


MiAlSiQ, 


Fig.  63.     skeleton  quaternary  diagram,  nephelite-kaliophilite-silica-anorthite. 


KAlSi04  and  SiOo.  On  the  potash  side  there  are  the  two  compounds 
leucite  and  orthoclase.  On  the  soda  side  there  is  but  one  compound 
albite.  Jadeite,  the  chemical  analogue  of  leucite,  is  excluded  as  being 
formed  under  conditions  different  from  those  concerned  in  the  ordinary 
crystallization  of  the  more  familiar  igneous  rocks.  When  the  question 
arises  as  to  how  this  central  triangle  is  to  be  divided  into  subsidiary 
triangles  certain  alternatives  are  presented.  These  triangles  must,  of 
course,  have  at  their  apices  those  compounds  capable  of  existing  to- 
gether at  equilibrium.  About  the  joining  of  albite  with  orthoclase  and  of 
leucite  with  NaAlSiO^   there  can  be  no  hesitation.  The  only  question. 
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then,  is  as  to  how  we  shall  divide  the  quadrilateral,  albite-orthoclase- 
leucite-NaAlSiO^.  The  alternatives  are  the  joining  of  orthoclase  with 
NaAlSiO^  or  of  leucite  with  albite.  There  can  be  no  question  as  to  the 
choice  to  be  made.  Orthoclase  and  nephelite  are  well  known  to  occur 
together  under  conditions  proving  their  equilibrium  with  each  other, 
but  that  albite  and  leucite  can  so  occur  is  very  doubtful.  Leucite  occurs, 
under  conditions  which  suggest  equilibrium,  only  with  intermediate 
to  basic  plagioclase.  Orthoclase  and  NaAlSiO^  have  therefore  been  joined. 
This  decision  necessitates  the  existence  of  the  two  quintuple  points,  the 
one  having  the  solid  phases,  leucite,  orthoclase  and  nephelite,  the  other 
orthoclase,  nephelite  and  albite.  These  are  joined  by  the  boundary  curve, 
orthoclase-nephelite  but  the  fields  of  leucite  and  albite  never  come 
together  and  there  is  no  boundary  curve,  leucite-albite.  There  is  no 
assurance  as  to  the  exact  position  of  these  points  and  curves,  but 
there  is  no  great  latitude  in  the  choice  of  their  general  position.  The 
relation  between  orthoclase  and  leucite  in  the  binary  system  is  known 
from  experimental  work  to  be  of  a  reaction  nature  and  the  boundary 
curve  orthoclase-leucite  must  be  of  that  nature  for  part  of  its  length 
and  probably  for  all  of  it.  In  the  figure  it  is  taken  to  be  of  this  nature 
throughout.  The  quintuple  point,  leucite-orthoclase-nephelite  (R) 
has  been  taken  as  lying  in  the  triangle,  albite-nephelite-orthoclase 
and  is  a  reaction  point.  The  quintuple  point  albite-nephelite-orthoclase 
(Ep)  is  placed  in  the  same  triangle  and  is  therefore  a  eutectic.  The 
system,  albite-orthoclase,  is  thus  a  simple  binary  system  for  all  mix- 
tures extending  from  albite  to  the  point  P.  Only  the  mixtures  between 
P  and  orthoclase  require  a  ternary  figure  for  their  treatment.  There 
is,  moreover,  an  ordinary  binary  eutectic  between  albite  and  orthoclase 
(solid  solutions,  of  course)  which  is  a  point  of  maximum  tempera- 
ture on  the  orthoclase-albite  boundary  curve.  The  relations  shown  in  the 
triangles  other  than  the  central  triangle  are  comparatively  simple  and 
need  not  be  discussed,  though  certain  features  will  be  pointed  out  in  the 
application  of  the  diagram  now  to  be  given. 

Such  an  arrangement  of  the  boundary  curves  and  invariant  points 
is  a  perfectly  reasonable  one  on  the  basis  of  those  facts  which  have  been 
ascertained  experimentally  and  will  at  the  same  time  offer  an  explana- 
tion for  many  of  the  known  relations  of  feldspathoid-bearing  rocks.  The 
nature  of  the  reaction  occurring  at  the  point  R  is  especially  to  be  noted. 
At  this  point  the  liquid  reacts  with  leucite  with  formation  of  orthoclase 
and  nephelite.  Since  those  pseudomorphs  after  leucite  which  are  known 
as  pseudo-leucite  are  typically  constituted  of  orthoclase  and  nephelite 
we  may  call  this  point  the  pseudo-leucite  reaction  point.  From  this  point 
there  rises  into  the  tetrahedron  a  curve  which  represents  the  same  equi- 
librium occurring  in  the  quaternary  mixtures.  It  is  the  pseudo-leucite 
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reaction  curve.  This  curve  is  of  great  importance  in  the  explanation  of 
the  relations  of  the  feldspathoidal  rocks. 

The  orthoclase-leucite  boundary  curve  is  also  of  great  importance 
and  requires  some  description.  It  is  in  all  parts  a  reaction  curve  and 
represents  reaction  of  liquid  with  leucite  to  form  orthoclase.  The  point 
P,  where  this  boundary  curve  crosses  the  orthoclase-albite  conjugation 
line,  is  the  limit  of  those  mixtures  of  orthoclase  and  albite  that  can  be 
treated  as  binary  and  has  a  special  character  that  can  best  be  brought  out 
by  description  of  the  crystallization  of  certain  mixtures.  The  point  V  may 
be  called  the  limit  of  congruency  in  the  system,  orthoclase-albite.  Any 
mixture  lying  between  P  and  orthoclase  begins  to  crystallize  with  the  sep- 
aration of  leucite.  The  composition  of  the  liquid  therefore  changes  along 
a  line  pointing  directly  away  from  leucite  until  the  leucite  orthoclase 
boundary  is  reached,  when  reaction  occurs  between  liquid  and  leucite  to 
form  orthoclase.  The  composition  of  the  liquid  moves  along  the  boundary 
curve  towards  P  and  when  that  point  is  attained  the  leucite  is  completely 
transformed.  The  liquid  (P)  then  continues  to  deposit  orthoclase  and 
its  behavior  is  thenceforth  binary.  It  leaves  the  orthoclase-leucite  boun- 
dary curve  and  passes  along  the  orthoclase-albite  join  to  the  binary 
eutectic  orthoclase-albite  where  albite  separates  and  crystallization  is 
complete.  If  during  the  separation  of  leucite  there  was  some  relative 
motion  of  crystals  and  liquid  then  those  parts  of  the  liquid  impoverished 
in  leucite  would  have  a  total  composition  lying  on  the  silica  side  of  the 
orthoclase-albite  join.  In  those  parts  the  resorption  of  leucite  would  be 
complete  before  the  point  P  was  attained  and  then  the  composition  of 
the  liquid  would  cross  the  orthoclase  field  to  the  orthoclase-albite  boun- 
dary which  would  be  followed  to  the  ternary  eutectic  orthoclase-albite- 
silica.  In  those  parts  of  the  mass  enriched  in  leucite  the  total  composi- 
tion would  lie  in  the  albite-orthoclase-nephelite  triangle,  or,  with  still 
greater  enrichment  in  leucite,  in  the  orthoclase-leucite-nephelite  triangle. 
In  both  cases  there  will  be  some  leucite  left  when  the  composition  of  the 
liquid  reaches  the  point  P  and  reaction  of  liquid  with  leucite  will  con- 
tinue with  change  of  composition  of  the  liquid  towards  R.  At  R  liquid 
and  leucite  react  to  produce  not  only  orthoclase  but  nephelite  as  well  (the 
pseudo-leucite  reaction)  and  if  the  total  composition  is  such  that  it  lies 
in  the  orthoclase-leucite-nephelite  triangle  the  liquid  will  be  used  up  by 
this  reaction  while  some  leucite  still  remains.  On  the  other  hand,  if  the 
total  composition  is  such  that  it  is  represented  by  a  point  in  the  ortho- 
clase-albite-nephelite  triangle  then  leucite  is  entirely  used  up  while 
some  liquid  of  composition  R  remains.  This  liquid  then  proceeds  to 
crystallize  along  REp  with  ordinary  separation  of  both  orthoclase  and 
nephelite  until  the  ternary  eutectic  orthoclase-albite-nephelite  is  reached, 
where  albite  separates  in  addition  and  complete   solidification   occurs. 
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It  is  thus  plain  that  the  period  of  leucite  crystallization,  which  is  a  tran- 
sient one,  the  leucite  being  completely  transformed  to  orthoclase  with 
perfect  equilibrium,  may  nevertheless  have  an  important  effect  if  there 
is  relative  movement  of  liquid  and  leucite  crystals.  This  action  may 
bring  about  the  survival  of  leucite  in  some  parts  of  the  mass  concerned 
and  in  addition  the  formation  of  nephelite  in  some  parts  of  the  mass. 

If  the  liquid  is  separated  from  crystals  at  any  time  after  its  composi- 
tion has  passed  P,  that  is,  when  the  composition  of  the  liquid  lies 
between  P  and  R,  the  pseudo-leucite  reaction  point  R  will  never  be 
attained.  The  liquid  will,  in  fact,  leave  the  boundary  curve  and  precipi- 
tate orthoclase,  albite  and  nephelite  without  any  pseudo-leucite  reaction 
effect.  It  is  important  to  note  the  properties  of  any  mass  whose  total 
composition  is  represented  by  a  point  lying  in  the  triangle  constructed 
by  joining  P,  R  and  Or.  Such  a  mass  would  consist  of  any  liquid  lying 
along  the  boundary  curve  MPR  with  some  suspended  leucite  crystals 
and  it  is  noteworthy  that  some  of  these  liquids,  those  from  M  to  P, 
would  actually  contain  excess  SiOo.  The  mass  would  crystallize  in  such 
a  way  that  leucite  would  disappear  entirely  when  the  liquid  had  a  com- 
position between  P  and  R  and  the  final  product  would  consist  only  of 
orthoclase,  albite  and  nephelite  without  pseudo-leucites  and  without  any 
evidence  that  any  leucite  had  ever  formed.  Yet  the  precipitation  of  nephe- 
lite would  have  depended  upon  the  former  presence  of  these  leucites 
and  upon  the  existence  of  a  curve  with  the  properties  of  the  curve  PR, 
ending  in  the  pseudo-leucite  reaction  point  R.  So  in  natural  magmas 
the  fact  that  pseudo-leucites  are  known,  necessitates  the  existence  of  a 
curve  with  the  properties  of  PR  and  permits  the  same  method  of  deriva- 
tion of  a  nephelite  rock  with,  in  many  cases,  lack  of  evidence  of  its 
derivation  being  dependent  upon  the  former  presence  of  leucite. 

It  is  to  be  carefully  borne  in  mind  that  there  rises  into  the  tetrahedron, 
from  the  orthoclase-leucite  boundary  curve  in  the  ternary  system,  an 
orthoclase-leucite  boundary  surface  which  represents  the  same  reactions 
as  they  occur  in  quaternary  liquids.  There  is  thus  a  curve  rising  from 
the  point  P  which  represents  the  intersection  of  this  boundary  surface 
with  the  plane,  orthoclase-albite-anorthite,  and  all  points  on  this  curve 
have  the  same  general  properties  as  the  point  P.  This  curve  is  the  limit 
of  congruency  in  the  ternary  system  anorthite-albite-orthoclase  just  as 
the  point  P  is  the  limit  of  congruency  in  the  binary  system  albite- 
orthoclase.  Any  mixture  of  anorthite,  albite  and  orthoclase  from  which 
leucite  has  crystallized  will  thus,  with  perfect  equilibrium,  accomplish 
complete  resolution  of  leucite  when  this  curve  is  attained  and  will 
thereafter  behave  as  a  simple  ternary  system,  leaving  the  boundary 
surface,  orthoclase-leucite,  and  depositing  only  plagioclase  and  ortho- 
clase. But  at  any  place-where  there  is  local  enrichment  in  leucite  crys- 
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tals  the  liquid  will  continue  to  follow  the  leucite-orthoclase  boundary 
surface  towards  the  pseudo-leucite  reaction  curve  which  rises  from  R. 
If  there  is  an  adequate  amount  of  leucite  this  curve  is  attained  and 
transformation  of  leucite  to  orthoclase  and  nephelite  begins.  An  excess 
of  leucite  gives  complete  solidification  with  survival  of  some  leucite, 
and  the  residual  liquid  then  passes  along  the  orthoclase-nephelite  boun- 
dary surface  to  the  plagioclase-nephelite-orthoclase  boundary  curve 
which  rises  from  E,,.  If  the  amount  of  leucite  had  been  insutiicient  to 
determine  the  reaching  of  the  pseudo-leucite  reaction  curve,  the  liquid 
would  finally  precipitate  plagioclase,  orthoclase  and  nephelite  without 
intervention  of  the  pseudo-leucite  reaction,  as  in  the  parallel  case  dis- 
cussed fully  for  ternary  liquids.  And  for  these  liquids  as  for  the  similar 
ternary  liquids  there  would  be  no  evidence  in  the  final  product  that 
leucite  had  ever  formed  or  that  upon  its  formation  depended  the  devel- 
opment of  nephelite. 

There  is  still  to  be  pointed  out  the  fact  that  this  leucite-orthoclase 
boundary  surface  is  limited  upward  in  the  tetrahedron  by  a  plagio- 
clase-leucite-orthoclase  boundary  curve,  part  of  which  lies  on  the  one 
side  and  part  on  the  other  side  of  the  anorthite-albite-orthoclase  plane. 
On  this  account  it  has  the  same  general  properties  as  the  orthoclase- 
leucite  boundary  curve  in  the  ternary  system  or  the  corresponding 
boundary  surface  in  the  quaternary  system.  Thus  in  these  quaternary 
liquids  from  which  plagioclase  is  separating  in  addition  to  leucite,  accu- 
mulation of  crystals,  among  them  leucite  crystals,  will  have  the  same 
effect  as  that  just  described  in  detail.  The  liquid  will  proceed  towards  the 
pseudo-leucite  reaction  curve  where  crystallization  will  be  complete  if 
there  is  an  excess  of  leucite  but  if  there  is  an  excess  of  liquid  this  will 
continue  to  crystallize  with  separation  of  plagioclase,  orthoclase  and 
nephelite  until  crystallization  is  complete. 

It  is,  indeed,  in  this  separation  of  leucite  within  the  tetrahedron  which 
is  accompanied  by  and  has  even  been  preceded  by  separation  of  plagio- 
clase that  we  are  particularly  interested  when  we  are  considering  the 
question  of  the  development  of  feldspathoidal  rocks  from  ordinary 
basaltic  magma.  It  is  plain  that  the  primary  controlling  factor,  without 
which  no  feldspathoidal  rocks  will  develop,  is  that  which  determines 
whether  or  not  the  leucite  field  will  be  attained,  and  to  this  question 
we  will  now  turn. 

If  we  consider  the  subsidiary  tetrahedron,  anorthite-albite-orthoclase- 
silica,  we  find  that  the  leucite  field  encroaches  very  little  upon  it.  The 
crystallization  of  nearly  all  mixtures  in  this  tetrahedron  will  never 
attain  the  leucite  field  but  will  proceed  toward  their  common  goal,  the 
ternary  eutectic,  orthoclase-albite-silica.  For  certain  mixtures  lying 
in  or  close  to  the  anorthite-albite-orthoclase  face  (i.e.,  with  little  or  no 
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free  silica)  appropriate  fractionation  may  induce  the  attainment  of  the 
leucite  field. 

The  manner  in  which  fractionation  may  control  the  attainment  or 
non-attainment  of  the  leucite  field  may  be  more  easily  visualized  if  we 
take  the  triangle  albite,  anorthite,  orthoclase  out  of  the  tetrahedron  and 
consider  it  separately.  Fig.  64  shows  the  triangle  which  is,  of  course, 


Fig.  64.     Ternary  diagram,  anorthite-albite-orthoclase  with  the  hypothetical  ex- 
tension into  it  of  the  leucite  field. 


the  familiar  one  already  considered  in  other  connections.  (Figs.  28  and 
5'9.)  Here  the  orientation  is  different,  being  made  to  correspond  with  its 
position  as  it  stands  in  the  general  tetrahedron  constructed  with  the 
aid  of  the  triangles  of  Fig.  63  and  the  fact  of  the  incongruent  melting 
of  orthoclase  is  not  now  neglected  as  it  was  in  Figs.  28  and  ^9.  In  the 
orthoclase  corner  the  field  of  leucite  has  been  marked  off  by  the  broken 
curve  joining  the  points  P  and  N,  which  correspond  with  the  points 
similarly  lettered  in  the  tetrahedral  diagram  (Fig.  63).  The  behavior 
of  mixtures  in  the  corner  marked  off  by  PN  can  not  be  adequately  repre- 
sented by  the  triangular  figure  but  the  factors  which  determine  whether 
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leucite  shall  or  shall  not  form  are  brought  out  quite  clearly.  The  crys- 
tallization of  a  liquid  such  as  X  may  take  place  with  little  or  with 
much  reaction  between  the  plagioclase  crystals  and  their  mother  liquor. 
With  little  reaction  a  course  such  as  XB  is  followed  and  the  plagioclase 
is  joined  by  orthoclase.  The  plagioclase-orthoclase  boundary  is  then 
followed,  no  leucite  separating  at  any  time.  The  whole  course  of  crys- 
tallization is  in  this  case  represented  by  the  ternary  figure.  With  greater 
reaction  a  more  strongly  curved  course  such  as  XA  is  followed.  When  the 
point  A  is  attained  the  plagioclase  is,  in  virtue  of  high  reaction,  a  much 
more  basic  plagioclase  than  when  the  course  XB  is  followed,  and  it  is  then 
joined  by  leucite.  The  well-known  fact  of  the  much  more  frequent  asso- 
ciation of  leucite  with  calcic  plagioclase  than  with  more  sodic  plagio- 
clase is  thus  a  necessary  consequence  of  the  relations  here  presented.  On 
an  earlier  page  it  has  been  shown  that  another  consequence  of  a  strongly 
curved  course  (approaching  XA)  is  the  development  of  orthoclase- 
mantled  plagioclase.  We  should  expect  to  find  a  tendency  towards  asso- 
ciation of  rocks  bearing  orthoclase-mantled  plagioclase  with  rocks  bear- 
ing leucite  and  the  expectation  is  justified  in  nature.^  Italian  rocks 
already  mentioned  and  Javanese  rocks  described  by  Iddings  and  Morley 
are  particularly  instructive  in  this  connection.-  How  leucite  can  ever 
occur  with  more  sodic  plagioclase  can  be  explained  only  by  considering 
further  crystallization,  after  the  appearance  of  leucite  which  can  not, 
of  course,  be  represented  in  the  ternary  figure.  The  tetrahedral  figure 
must  be  returned  to  and  this  will  be  done  shortly. 

It  is  especially  to  be  noted  that  none  of  the  facts  just  deduced  is  in 
any  way  contradictory  to  those  deduced  on  earlier  pages  with  the  aid  of 
a  triangular  diagram  having  the  same  three  compounds  as  its  apices 
(Figs.  28  and  5'9),  because  it  was  there  expressly  stated  that  the  incon- 
gruent  melting  of  orthoclase  was  neglected  or  that  the  relations  were 
considered  as  they  occurred  in  a  liquid  with  enough  excess  SiO.,  to 
neutralize  this  effect.  A  still  better  form  of  statement  would  be  that  the 
relations  are  as  they  occur  in  a  liquid  with  enough  excess  silica  to  deter- 
mine that  the  course  of  crystallization  shall  miss  the  leucite  field.  The 
small  skeleton  tetrahedral  figure  (Fig.  65)  brings  out  clearly  how  a 
little  free  silica  may  lead  to  the  avoidance  of  the  leucite  field  if  that 
result  is  not  attained  otherwise,  such  as  in  the  manner  discussed  above. 
The  small  tetrahedron  is,  of  course,  the  same  as  the  subsidiary  tetrahe- 
dron anorthite-albite-orthoclase-silica  of  the  larger  tetrahedron  (Fig. 
63).  It  is  here  turned  so  that  its  base  is  the  anorthite-albite-orthoclase 
triangle   and   is   converted   into   a   regular   tetrahedron.    The    figure    is 

1  It  has  been  pointed  out  in  connection  with  Fig.  5Q  how  a  strongly  curved  course  such  ns  XA  is 
locally  insured  by  any  process  leading  to  the  local  enrichment  in  plagioclase  crystals  relative  to 
liquid.   See  foot-note  on   p.   232. 

2  Jour.  GeoL,  23,   1915,  pp.  231-45. 
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presented  merely  as  an  aid  to  the  visualization  of  the  short  distance 
the  leucite  field  extends  into  it,  i.e.,  the  small  amount  of  free  silica 
which  will  insure  avoidance  of  the  leucite  field.  In  the  presence  of  this 


SlO; 


SiOo 


Fig.  65.     Skeleton  quaternary  diagram,  anorthite-albite-orthoclase-silica  showing 
limited  extension  into  it  of  the  leucite  field. 


amount,  or  a  greater  amount,  of  free  silica  the  orthoclase  field  is  always 
encountered  and  the  leucite  field  missed  whether  the  plagioclase  fraction- 
ation is  strong  or  weak. 

We  must  now  return  to  Fig.  63  in  order  to  discuss  the  behavior  con- 
sequent upon  the  separation  of  leucite  in  the  fractional  crystallization 
of  the  liquid  X  of  Fig.  64  which  has  already  followed  the  course  XA  and 
has  encountered  the  leucite  field.  Leucite  then  begins  to  separate  together 
with  the  basic  plagioclase  with  which  the  liquid  A  is  in  equilibrium. 
Until  this  point  the  liquid  has  always  been  a  pure  feldspar  liquid  like 
the  original  liquid  X  with  neither  excess  nor  deficiency  of  silica.  The 
boundary  curve,  leucite-anorthite  (Fig.  63),  is  an  ordinary  subtraction 
boundary  curve  representing  the  separation  of  leucite  and  anorthite 
side  by  side.  The  boundary  surface,  plagioclase-leucite,  which  passes  out 
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into  the  tetrahedron  from  this  curve  must  be  of  a  similar  nature  in  part 
at  least.  If  the  plagioclase  in  equilibrium  with  the  liquid  is  calcic,  and 
we  have  seen  that  only  when  it  is  calcic  is  the  leucite  field  encountered, 
then  leucite  and  basic  plagioclase  will  separate  side  by  side  and  the 
liquid  will  move  along  the  leucite-plagioclase  boundary  surface.  This 
surface,  like  the  leucite-anorthite  boundary  curve,  passes  into  the  region 
of  excess  silica  and  there  is  a  definite  period  during  which  the  leucite 
is  in  equilibrium  with  liquid  whose  composition  lies  in  the  tetrahedron, 
orthoclase-albite-anorthite-silica.  Motion  on  this  surface  leads  to  the 
encountering  of  the  plagioclase-orthoclase-leucite  boundary  curve  which 
passes  into  the  tetrahedron  from  the  quintuple  point  anorthite-orthoclase- 
leucite.  When  this  boundary  curve  is  encountered  leucite  begins  to  react 
with  liquid  to  form  orthoclase.  We  have  already  noted  that  the  plagio- 
clase-orthoclase-leucite boundary  curve  lies  partly  on  the  one  side  and 
partly  on  the  other  side  of  the  albite-orthoclase-anorthite  plane  and  the 
consequences  of  this  fact  have  been  pointed  out.  We  may  merely  recall 
here  that  with  perfect  equilibrium  and  no  segregation  of  crystals  the 
leucite  will  be  completely  resorbed  when  the  limit  of  congruency  is 
reached  and  thereafter  crystallization  takes  place  entirely  in  the  ternary 
system  anorthite-albite-orthoclase  which  has  already  been  discussed. 
The  period  of  existence  of  leucite  crystals  is  thus  transient  even  when 
the  appropriate  fractionation  has  occurred  (in  both  the  olivine-pyroxene 
pair  and  the  plagioclase  reaction  series)  to  ensure  that  the  leucite  field  is 
encountered  at  all.  But,  given  the  appropriate  conditions,  there  is  a 
definite  period  during  which  leucite  crystals  occur  in  a  liquid  which  has 
an  excess  of  silica.  Rapid  cooling  might  give  a  rock  having  leucite  crys- 
tals in  a  groundmass  containing  excess  silica  and  it  is  now  well  estab- 
lished that  such  rocks  exist. 

Cross  has  described  a  rock  from  Wyoming  which  contains  leucite. 
Analysis  of  the  rock  shows  that  the  silica  present  is  entirely  adequate 
to  have  formed  orthoclase  with  the  potash  and  alumina  present.  The 
glassy  groundmass^  must  therefore  contain  excess  silica.  This  condition 
is  entirely  in  accord  with  experimental  results. 

A  shoshonite  from  Yellowstone  Park,  described  by  Iddings,  has 
more  than  enough  silica  to  convert  all  the  bases  into  their  most 
siliceous  compounds  (3  per  cent  normative  quartz),  yet  in  this  there 
occurs  an  "impure  leucite."^  Likewise  a  banakite  from  the  same  locality 
has,  according  to  one  analysis,  enough  silica  to  form  feldspar  molecules, 
according  to  another  analysis,  only  a  slight  deficiency,  yet  it  contains  a 
considerable  quantity  of  leucite.^ 

1  W.  Cross,  Amer.  Jour.  Set.,  4,  1897,  pp.   122,  132. 

2  Iddings,  lour.   GeoL,  3,   1895,  p.  945. 

3  Iddings,  loc.  ctt. 
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There  is,  In  addition,  the  leucite  granite  porphyry  from  Brazil  which 
contains  phenocrysts  of  leucite  (now  pseudo-leucite)  in  a  groundmass 
of  orthoclase  and  quartz.  To  this  we  shall  revert  when  discussing  the 
formation  of  pseudo-leucite  in  rocks. 

So  much  for  the  evidence  of  rocks  revealing  the  existence  of  a  period 
of  separation  of  leucite,  crystals  of  which  may  be  preserved  in  a  ground- 
mass  with  excess  silica.  This  is  the  period  when  the  liquid  is  following 
that  part  of  the  plagioclase-leucite-orthoclase  boundary  curve  which 
lies  on  the  silica  side  of  the  orthoclase-albite-anorthite  plane.  Indeed 
the  liquid,  as  it  follows  the  boundary  curve,  will  never  cross  this  plane 
unless  there  has  been  local  enrichment  of  certain  parts  of  the  mass 
in  leucite  crystals.  But  if  there  is  such  local  enrichment,  whether  from 
gravitative  or  deformative  influences,  in  certain  parts  there  will  be 
leucite  crystals  left  when  the  limit  of  congruency  is  reached.  The  liquid 
in  those  parts  will  then  proceed  along  this  curve  to  the  pseudo-leucite 
reaction  curve  or  on  to  the  plagioclase-orthoclase-nephelite  boundary, 
depending  on  the  proportions  of  the  leucite  crystals  in  a  manner  already 
discussed. 

All  of  these  are  possible  courses  in  the  fractional  crystallization  of  the 
original  feldspar  liquid  X  of  Figs.  64,  28  or  59.  The  curves  of  feldspar 
crystallization  which  finally  encounter  the  leucite  field  are  merely  the 
extreme  members  of  the  family  of  curves  of  alternative  liquid  lines  of 
descent  that  diverge  from  the  point  X.  All  of  these  are  what  would  be 
termed  sub-alkalint  lines  of  descent  but  in  the  case  of  the  extreme 
members  which  encounter  the  leucite  field,  accumulation  of  leucite  crys- 
tals may  cause  a  switching-over  of  the  liquid  into  an  alkaline  line  of 
descent  in  the  parts  of  the  mass  where  this  accumulation  has  occurred. 
We  may  consider  this  feldspar  associated  with  pyroxene  to  make  a 
basaltic  liquid  and  that  these  same  types  of  fractionation  of  the  feld- 
spar can  go  hand  in  hand  with  the  tendency  towards  a  general  impover- 
ishment of  the  liquid  in  pyroxene  as  the  more  alkalic  mixtures  are 
approached.  We  then  have  a  picture  of  how,  in  the  differentiation  of 
such  a  mass,  certain  parts  of  it  may  proceed  ever  towards  the  phonolitic 
eutectic  Ep  and  certain  other  parts  towards  the  rhyolitic  eutectic  Er. 

THE    PSEUDO-LEUCITE    REACTION    AND    THE   DEVELOPMENT    OF 
SOME  NEPHELITIC  ROCKS 

Pseudomorphs  after  leucite  that  are  typically  constituted  of  orthoclase 
and  nephelite  (or  alteration  products  thereof)  are  a  well-recognized 
constituent  of  igneous  rocks.  In  fact,  in  coarsely  crystalline  rocks  true 
leucite  is  not  often  found,  its  place  being  ordinarily  taken  by  the  above- 
mentioned  pseudomorphs  which  have  been  called  pseudo-leucite.  A  few 
coarse-grained  rocks  with  leucite  are  known,  however,  so  there  is  nothing 
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impossible  about  its  occurrence  in  that  manner  but  it  is  in  aphanitic  or 
quenched  rocks  that  true  leucite  is  ordinarily  found.  In  these  rocks  it 
may  occur  as  quite  ]arf;e  phenocrysts  or  again  as  a  constituent  of  the 
groundmass. 

It  has  been  suggested  by  Knight^  that  pseudo-leucites  are  the  result  of 
the  breakdown  of  a  mineral  analogous  to  leucite  but  containing  a  con- 
siderable amount  of  soda,  a  soda-leucite.  The  slow  cooling  of  coarse- 
granular  rocks  would  favor  the  breakdown  whereas  quick  cooling  would 
prevent  it  and  the  common  contrasts  between  aphanites  and  phanerites 
would  therein  be  accounted  for.  However,  it  would  appear  that,  if  the 
above  explanation  were  correct,  some  of  the  leucites,  indeed  most  of  the 
leucites  of  aphanites  should  be  this  soda  leucite.  Analyses  of  leucites  have 
failed  to  reveal  any  such  composition.  They  are  potash  leucites  with 
quite  moderate  amounts  of  soda.  On  this  account  it  is  preferable  to 
believe  that  pseudo-leucites  are  the  result  of  what  we  have  called  the 
pseudo-leucite  reaction,  a  reaction  of  liquid  with  leucite  to  give  ortho- 
clase  and  nephelite.  The  usual  contrast  between  aphanites  and  phanerites 
would  then  be  accounted  for  by  the  failure  of  this  reaction  with  rapid 
cooling.  Inadequate  time  need  not,  however,  be  the  only  cause  of  failure 
of  reaction.  Absence  of  liquid  or  of  liquid  of  the  right  kind  would  have  a 
like  effect  so  that  coarse-grained,  true  leucite  rocks  remain  a  possibility. 

We  may  consider  the  pseudo-leucite  reaction  more  closely  by  com- 
paring it  with,  say,  the  pyroxene-hornblende  reaction.  They  differ,  of 
course,  in  the  fact  that  the  product  of  reaction  is  a  single  mineral  in 
the  one  case  and  an  aggregate  of  two  minerals  in  the  other.  In  other 
respects  there  is  much  similarity.  Sometimes  pyroxene  is  transformed  to 
hornblende  which  retains  the  form  of  the  original  mineral,  but  this 
change  has  involved  interchange  of  substance  with  the  liquid.  Again  the 
hornblende  may  form  as  rims  about  pyroxene  and  there  may  be  con- 
tinued outgrowth  of  the  hornblende  material.  And  with  little  doubt, 
under  conditions  of  very  slow  cooling,  pyroxene  passes  into  solution 
and  hornblende  is  precipitated  about  entirely  separate  nuclei  so  that 
evidence  of  the  reaction  relation  may  be  suppressed.  In  the  case  of  the 
pseudo-leucite  reaction  we  probably  have  similar  gradation  of  develop- 
ment. Under  certain  conditions  the  leucite  is  transformed  into  an  aggre- 
gate of  orthoclase  and  nephelite  which  retains  the  form  of  the  original 
leucite.  Under  other  conditions  there  is  further  outgrowth  of  the  ortho- 
clase and  nephelite  beyond  the  limits  of  the  original  leucite,  giving 
indefinite  rounded  patches  of  pseudo-leucite  material.  In  yet  other  con- 
ditions there  is  probably  solution  of  leucite  and  precipitation  of  nephelite 
and  orthoclase  about  quite  independent  nuclei.  The  evidence  that  some 
of  the  nephelite  and  orthoclase  were  formed  by  reaction  with   leucite 

1  C.  W.  Knight,  Amer.  Jour.  Set.,  21,  1906,  p.  293. 
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would  in  the  last  case  be  entirely  suppressed.  It  is  quite  possible  then 
that  in  a  great  many  cases  the  evidence  might  be  lacking  that  the  forma- 
tion of  nephelite  and  of  nephelite-bearing  liquids  depended  upon  the 
preliminary  formation  of  leucite  which  was  followed  by  the  pseudo- 
leucite  reaction.  The  finding  of  evidence  that  the  formation  of  nephelite- 
bearing  liquids  depended  on  the  separation  of  leucite  would  be  even  less 
likely  in  those  cases  where  a  liquid  which  had  attained  a  subsilicic  com- 
position in  virtue  of  reaction  with  leucite  crystals  is  then  separated  from 
these  crystals,  say,  by  squeezing-out  of  the  liquid.  Such  a  liquid  would 
form  only  nephelite,  orthoclase  and  albite  without  giving  any  suggestion 
of  ever  having  been  associated  with  leucite. 

However,  in  some  cases  individual  rocks  or  again  rock  associations 
have  retained  the  evidence  that  the  formation  of  nephelite  and  of 
nephelite-bearing  liquids  depends  upon  the  leucite  relation  we  have 
just  attempted  to  discuss  in  all  its  complexity.  There  may  be  evidence,  in 
a  single  rock  series,  of  the  control  of  leucite-formation  over  the  develop- 
ment of  free  quartz  in  those  rocks  of  the  series  from  which  the  leucite 
has  been  removed  and  concomitant  development  of  nephelite  in  those 
rocks  of  the  series  to  which  the  leucite  has  been  added. 

Near  Loch  Borolan  in  Scotland  there  is  a  differentiated  laccolith  which 
is  described  by  Shand  as  being  made  up  of  the  following  in  stratiform 
arrangement,  as  stated  below,  and  shown  in  Fig.  66:^ 

I.  Quartz  syenites  (nordmarkite  with  12  per  cent  quartz  and  other 

more  quartzose  types), 
II.  Transition  zone  of  quartz-free  syenites. 

III.  Feldspathoid-bearing  syenites. 

IV.  Probable  ultrabasic  zone  (noted  in  one  locality). 

Some  of  the  syenites  of  III  contain  rounded  masses  interpreted  as 
pseudo-leucite.  The  interpretation  has  been  questioned  but  the  descrip- 
tions seem  to  warrant  it  and  to  render  any  other  rather  doubtful.  If  it 
can  be  imagined  that  the  laccolithic  chamber  was  filled  with  a  magma 
very  rich  in  alkaline  feldspars,  and  with  not  more  than  a  moderate 
excess  of  free  silica,  this  magma  might,  as  our  results  show,  begin  to 
crystallize  with  separation  of  leucite.  The  actual  proportions  of  the 
various  rock  types  in  the  composite  mass  (see  Fig.  66)  show  that  the 
general  liquid  would  be  very  rich  in  feldspar,  principally  orthoclase, 
and  excessively  poor  in  the  molecules  that  go  to  make  up  the  heavy 
minerals.  The  density  of  such  a  liquid  as  a  glass  at  ordinary  tempera- 
tures would  probably  be  not  far  from  that  of  rhyolitic  obsidian  (2.37)^ 
The   density   of    leucite   at   ordinary   temperatures    is    2.46.    At   higher 

1  S.  J.  shand.  Trans.  Edin.  Geol.  Soc,  9,  pt.  Ill,  1909,  p.  202,  and  pt.  V,  1910,  p.  376.  See  also 
Home   and  Teall,   Trans.    Roy.   Soc.   Edin.,  37,   pt.    1,    1892,    p.    163. 

2  H.   S.   Washington,   "Rhyolites  of  Lipari,"   Amer.   Jour.   Set.,  50,    1920,  p.  449. 
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temperatures,  then,  there  would  probably  be  a  definite  though  small 
margin  of  density  in  favor  of  leucite  crystals,  especially  since  the  liquid 
would,  no  doubt,  contain  a  fair  amount  of  volatile  substances,  whereas 
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Fig.  66.     Sections  of  the  laccolith  at  Loch  Borolan,  Scotland  (after  Shand). 


the  obsidian  noted  above  is  nearly  free  from  these.  Presumably  the  leucite 
crystals  could  settle  under  the  influence  of  gravity ;  indeed,  the  general 
arrangement  of  zones  can  scarcely  leave  room  for  doubt  that  they  did 
and  gave  a  lower  zone  (III)  much  enriched  in  that  mineral.  When  the 
time  of  reaction  of  the  leucite  with  liquid  arrived  there  would  be  an 
amount  of  leucite  above  that  requisite  for  the  reaction  and  some  would 
be  left  in  excess.  The  excess  leucite  was,  during  the  further  crystalliza- 
tion of  the  mass,  transformed  into  pseudo-leucite  (orthoclase  -)-  nephe- 
lite)  as  a  result  of  the  pseudo-leucite  reaction.  On  the  other  hand,  in  the 
zone  from  which  the  leucites  were  entirely  removed  (I)  there  were  no 
crystals  to  react  with  the  liquid,  and  it  crystallized  appropriately  with 
an  excess  of  free  silica. 

The  Ilimausak  batholith  in  Greenland  is  stratified  in  a  manner  closely 
related  to  that  shown  by  the  Loch  Borolan  mass.  At  the  top  is  a  quartzose 
phase,  arfvedsonite  granite,  which  passes  downward  into  quartz-free 
syenite  and  finally  into  sodalite  and  nephelite  syenites  of  great  variety.^ 
In  one  of  these,  the  so-called  lujavrites,  which  are  the  lowest  exposed 
rocks  of  the  mass,  there  are  large  crystals  of  anal  cite  which  Ussing  pre- 
sents reasons  for  believing  were  formerly  leucite.'  The  nature  of  the 

1  N.  v.  Ussing,  "Geology  of  the  Countr)'  around  Julianeliaab,  Greenland,"  Med.  cm.  Gronland, 
vol.   28,   p.  322,  Fig.   29,   1911. 

2  op.  cit.,   pp.   164,   16;. 
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stratification  and  the  existence  of  these  pseuclo-leucites  ( ?)  is  so 
strikingly  similar  to  the  conditions  at  Loch  Borolan  that  one  must  con- 
sider the  possibility  that  the  early  separation  of  leucite  has  been  a  factor 
controlling  the  differentiation  of  the  mass  and  the  development  of 
nephelite  in  it. 

The  igneous  massif  of  Be/avona  in  Madagascar,  as  described  by 
Lacroix,  consists  of  quartz  syenites,  nephelite  syenites,  monzonites,  and 
other  types,  including  various  dike  and  flow  rocks.  In  the  coarse  granular 
rocks  there  is  apparently  nothing  suggesting  the  formation  of  leucite, 
but  in  quickly  chilled  facies,  which  may  be  regarded  as  quenched,  leu- 
cite appears.  Thus  there  are  micro-syenites  with  leucite  and  also  leucite 
phonolites.^  These  facts  again  suggest  the  possibility  that  the  formation 
of  leucite  may  have  been  an  intermediate  step  in  the  genesis  of  the 
nephelite  rocks. 

Still  less  definite  as  evidence,  and  yet  worthy  of  consideration,  are 
certain  structures  observed  in  nephelite  rocks  that  suggest  the  former 
presence  of  leucite.  In  some  members  of  the  Ice  River  complex  of  British 
Columbia  there  are  spots  of  a  "finger-print-like"  intergrowth"'  of  ortho- 
clase  and  nephelite  that  is  practically  identical  with  the  "dactylotype" 
intergrowth  of  these  minerals  when  they  form  pseudo-leucites.  Struc- 
tures that  are  perhaps  of  similar  origin  are  described  by  Lacroix  from 
the  nephelite  syenites  of  the  Los  Archipelago^  and  by  Brouwer  in  rocks 
from  the  Transvaal."* 

An  intimate  relation  between  leucite  and  nephelite  rocks  is  observed  in 
many  fields.  A  striking  example  is  shown  by  the  Magnet  Cove  complex. 
In  particular  it  is  noteworthy  that  a  leucite  porphyry  and  a  foyaite, 
associated  there,  have  nearly  identical  chemical  composition,  at  least 
in  some  specimens.  Washington  has  called  attention,  also,  to  a  similar 
relationship  of  a  leucite-rich  rock  (leucite  phonolite)  of  the  Sabatinian 
district,  Italy,  with  a  nephelite  syenite  of  Beemerville,  New  Jersey.^ 

In  volcanic  fields  the  frequent  intimate  association  of  trachyte,  leucite- 
trachyte  and  phonolite  is  suggestive  when  it  is  recalled  that  upon  the 
completion  of  the  reaction  whereby  leucite  is  transformed  into  nephelite 
and  orthoclase  any  liquid  that  may  be  left  proceeds  towards  the  phono- 
lite eutectic  Ep  of  Fig.  63. 

1  A.  Lacroix,  "Les  roches  alcalines  d'Ampaslndava,"  Nouv.  arch,  du  museum,  Paris,  Serie  4,  5, 
197  and  207,   1903. 

a  J.  A.  Allan,  "Geology  of  the  Field  Map-Area,  B.C.  and  Alberta,"  Geol.  Surv.  Can.,  Mem.  SS>  PP- 
133.  285,   1914,  Plate  XVIIB. 

3  A.  Lacroix,  "Les  syenites  nepheliniques  de  I'archipel  de  Los,"  Nouv.  arch,  du  museum,  Serie 
5.  3.  191 1,  p.  53- 

4  H.  A.  Brouwer,  Transvaal  Nephelien-Syenieten,  p.  40,  Pi.    L   Fis    1. 

5  H.  S.  Washington,  "Igneous  Complex  of  Magnet  Cove,  Arkansas,"  Hull.  Geol.  Soc.  Amer.,  11, 
1900,  p.  399;  and  "Roman  Comagmatic  Region,"  Carneyie  Inst.  Wash.,  Pub.  No.  57,   1906,   p.  47. 


CHAPTER     XIII 


LAMPROPHYRES  AND  RELATED  ROCKS 


GENERAL  CHARACTERS 

A  SPECIAL  study  of  lamprophyres  has  been  made  by  NiggU  and 
Zjk  Beger/  They  conclude  that  these  rocks  are  to  be  accounted  for 
X  .^by  the  local  accumulation  of  early  crystals  which  have  then 
remelted  or  redissolved  and  given  a  liquid  of  lamprophyric  composition. 
Perhaps  lamprophyres  are  too  broad  and  ill-defined  a  group  to  enable 
one  to  make  a  general  statement  concerning  them  to  which  no  exception 
might  be  taken.  But  after  all,  lamprophyres  are  characteristically  por- 
phyritic  rocks,  the  porphyritic  elements  highly  femic  (olivine,  horn- 
blende, mica)  and  the  groundmass  notably  alkalic.  In  default  of  a 
porphyritic  structure  they  have  "a  rather  exceptional  structure  due  to 
a  strong  tendency  to  idiomorphism  of  all  the  constituent  minerals."^ 
The  mere  existence  of  a  porphyritic  structure  may  mean  nothing  in  itself, 
but  if  a  group  of  rocks  is  characteristically  porphyritic  or  has  the 
special  panidiomorphic  structure''  one  may  reasonably  entertain  some 
doubts  as  to  the  existence  of  liquids  corresponding  with  the  rocks  in  bulk 
composition.  It  is  impossible  to  be  sure  from  existing  descriptions  of 
lamprophyric  dikes  whether  they  ever  have  tachylitic,  spherulitic  or 
uniformly  aphanitic  selvages  of  the  same  composition  as  the  main  mass. 
If  they  have  not,  their  characters  would  appear  to  be  unfavorable  to  the 
hypothesis  of  remelting,  at  least  in  its  simple  form.  We  shall  not  further 
pursue  the  problem  of  lamprophyres  in  general  but  attention  will  be 
directed  to  the  olivine-bearing  varieties. 

OLIVINE-BEARING   LAMPROPHYRIC   TYPES 

Olivine  is  often  an  important  constituent  of  lamprophyres  and  in 
certain  important  representatives,  mica  peridotites,  it  is  usually  the  most 
abundant  constituent.  These  peridotites  occur  in  dikes,  often  quite  small 

1  Gesteins  und  Mineralfiroinnzen,  I,   1923,  pp.  217-574,  especially  571-4. 

2  Marker,   Petrology  for  Students,   1919,  p.    134. 

3  On  p.   153  a  suggestion  is  made  as  to  the  origin  of  a  structure  in  which  the  bulk  of  the   rock  is 
made  up  of  nearly  idiomorphic  crystals. 
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dikes,  but  are  perhaps  represented  in  greater  volume  in  the  form  of 
volcanic  necks  or  pipes.  V'ery  intimately  related  to  the  mica  peridotites 
are  the  alnoites.  They  contain  in  addition  to  olivine,  augite,  and  mica, 
characteristically  melilite,  often  with  alkalic  minerals  of  different  kinds, 
which  have  been  the  occasion  of  the  introduction  of  a  great  number  of 
rock  names.  These  rocks  are  so  intimately  interrelated  that  there  can 
be  little  doubt  that  light  on  the  origin  of  any  particular  member  has  an 
important  bearing  on  the  origin  of  the  group.  The  general  character 
of  the  group  is  a  richness  in  ferromagnesian  constituents  combined  with 
a  richness  in  alkalis,  which  combination  of  characters  is,  indeed,  rather 
distinctive  of  lamprophyres  in  general.  The  question  with  which  we  are 
now  concerned  is  whether  all  of  these  constituents  have  been  liquid 
together  or  whether  the  femic  constituents  were  in  large  part  present 
as  crystals  before  intrusion,  the  liquid  which  permitted  intrusion  thus 
being  a  notably  alkaline  and  presumably  highly  mobile  menstruum. 

On  this  question  some  recent  studies  of  alnoite  and  related  rocks  may 
throw  some  light.  Rocks  of  this  character  from  Isle  Cadieux,  Quebec, 
have  constituent  minerals  plainly  divisible  into  two  genetic  classes.^  In 
the  first  class  are  augite  and  olivine  which  originally  made  up  nearly 
the  whole  of  the  rock  and  were  in  large  crystals  from  Yi  to  1  cm.  in 
diameter.  In  the  second  class  are  principally  biotite,  monticellite,  melilite 
and  perovskite  which  now  make  up  more  than  one-half  the  rock,  the 
liquid  which  deposited  them  attacking  and  replacing  large  amounts  of 
olivine  and  augite.  An  alnoite  from  Montana  shows  very  similar  rela- 
tions, as  given  by  Ross.-  In  this  rock  the  original  minerals  are  olivine 
and  nephelite,  with  possible  augite,  and  these  have  been  attacked  by 
liquid  which  partly  replaced  them  and  deposited  principally  melilite, 
hauynite  and  phlogopite.  The  action  in  the  case  of  the  Isle  Cadieux 
rock  has  been  attributed  to  an  alkalic  liquid  which  attacked  augite  and 
olivine  and  precipitated  the  other  minerals  as  a  result  of  this  reaction, 
both  the  solid  minerals  and  the  liquid  contributing  to  the  composition  of 
the  new  minerals.  The  observations  of  Ross  have  led  him  to  a  quite 
similar  general  conclusion.  There  is  thus  no  evidence  from  either  rock 
that  there  was  ever  a  liquid  corresponding  approximately  in  bulk  compo- 
sition with  the  final  product;  indeed,  the  evidence  is  such  as  to  cast  much 
doubt  on  the  existence  of  such  a  liquid.  The  original  olivine  and  augite 
of  the  Isle  Cadieux  rock  may  have  been  a  crystal  accumulation  from 
a  liquid  of  more  complex  composition.  Even  the  liquid  which  permeated 
and  replaced  this  largely  crystalline  mass  has  not  left  a  collection  of 
minerals  of  the  same  composition  as  itself  but  has  left  only  minerals 
produced  by  interaction  of  liquid  and  crystals. 

1  N.  L.  Bowen,  Amer.  Jour.  Sci.,  3,   1922,  pp.   1-33. 

2  C.  S.  Ross,  Amer.  Jour.  Set.,  11,  1926,  pp.  218-27. 
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That  an  alkalic  liquid,  especially  a  nephelite-rich  liquid,  could  pro- 
duce the  effects  observed  in  these  rocks  is  rendered  likely  by  certain 
experimental  observations  now  to  be  noted. 

EXPERIMENTAL    STUDIES    OF    RELATED    MIXTURES 

The  system  CaO-MgO-SiOg  has  been  investigated  by  Ferguson  and 
Merwin  and  their  results  are  expressed  in  the  equilibrium  diagram, 
Fig.  ^^.  A  liquid  made  up  of  50  per  cent  forsterite  and  50  per  cent  aker- 
manite  begins  to  crystallize  with  deposition  of  the  olivine,  forsterite,  an 
end  member  of  the  chrysolites;  when  the  temperature  falls  to  1450"^ 
monticellite  begins  to  crystallize ;  and  at  1436''  akermanite,  an  end 
member  of  the  melilites,  begins  to  crystallize  and  monticellite  redis- 
solves  until  finally  monticellite  is  entirely  replaced  by  akermanite  and 
the  whole  mass  has  completely  solidified.  In  this  case,  then,  we  have 
the  succession,  forsterite  (chrysolite)-monticellite-akermanite  (melilite), 
the  akermanite  having  a  replacing  relation  to  monticellite.  This  liquid 
and  the  adjacent  liquids  which  show  the  same  effects  are,  of  course, 
themselves  very  rich  in  lime  and  magnesia,  but  when  other  components 
are  added  the  same  relations  must  persist  at  first,  though  they  will  be 
modified  and  may  finally  disappear  as  more  and  more  of  other  compo- 
nents are  added.  The  effect  of  the  addition  of  nephelite  to  some  of  these 
mixtures  has  been  investigated.  The  complete  quantitative  solution  of 
the  problem  can  not  be  expressed  in  terms  of  less  than  five  components, 
and  this  is,  of  course,  not  possible  without  a  vast  amount  of  preliminary 
work  on  the  simpler  systems.  However,  an  approximate  statement  is 
possible;  in  other  words,  a  statement  of  the  kinds  of  mineral  phases 
present  at  various  temperatures  may  be  made  without  giving  the  precise 
composition  of  the  phases  of  variable  composition  or  the  exact  relative 
proportions  of  the  phases. 

The  results  of  the  investigation  of  equilibrium  in  mixtures  of  diop- 
side,  CaMgSioOg,  and  nephelite,  NaAlSiO^  are  given  in  Fig.  67,  which,  it 
must  be  realized,  is  not  a  two-component  diagram,  though  having  the 
same  general  form.  It  gives  the  names  of  the  phases  present  at  various 
temperatures  in  mixtures  whose  total  composition  can  be  expressed  in 
varying  proportions  of  diopside  and  nephelite,  but  the  composition  of 
some  of  the  individual  phases  can  not  be  so  expressed. 

Since  both  components  melt  congruently  there  is,  at  either  end,  a  por- 
tion which  behaves  at  higher  temperatures  as  an  ordinary  two-component 
mix  but  towards  the  middle  the  relations  are  much  more  complicated. 
In  particular  it  is  to  be  noted  that  the  early  crystals  are  olivine  and 
melilite,  that  is,  nephelite  reacts  with  diopside  in  such  a  way  as  to 
produce  these  very  basic  molecules  which  are  then  precipitated.  The 
separation  of  these  necessarily  renders  the  liquid  with  which  they  are 
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in  equilibrium  correspondingly  more  siliceous.  Another  important  gen- 
eral feature  is  the  very  low  temperature  at  which  there  is  still  some 
liquid  in  the  intermediate  mixtures.  Thus  at  temperatures  in  the  neigh- 
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Fig.  67.     Pseudo-binary  diagram  of  equilibrium  in  mixtures  of  nephelite 

and  diopside. 


borhood  of  1000°  some  liquid  remains  and  in  many  mixtures  it  is 
impossible  to  tell  at  what  temperature  complete  solidification  occurs,  on 
account  of  the  slowness  with  which  crystallization  proceeds  at  such 
temperatures. 

The  behavior  of  any  particular  mixture  is  given  by  the  diagram,  but 
will  be  put  in  words  for  certain  of  these  that  are  of  special  significance. 
A  mixture  of  30  per  cent  nephelite,  70  per  cent  diopside  begins  to  crys- 
tallize at  1270°  with  separation  of  forsterite.  This  continues  to  separate 
until  a  temperature  of  1240°  is  reached,  when  diopside  begins  to  separate 
and  forsterite  to  redissolve.  The  re-solution  of  forsterite  continues  until 
the  temperature  has  fallen  to  about  1 180°  and  at  about  the  same  tem- 
perature melilite  begins  to  separate.  At  temperatures  below  this  and  as 
far  as  1100°  the  mass  consists  of  diopside,  melilite  and  liquid.  Below 
1100°  the  crystals  formed  are  so  small  and  the  attainment  of  equili- 
brium so  slow  that  further  changes  can  not  be  definitely  described,  the 
temperature  of  final  consolidation  being  also  unknown.  No  nephelite 
is  formed  at  any  temperature  where  the  identification  of  phases  is  cer- 
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tain;  indeed  the  reaction  which  forms  melilite  presuaiahly  destroys  the 
nephelite  and  part  of  the  diopside. 

A  mixture  of  50  per  cent  nephelite  and  50  per  cent  diopside  begins 
to  crystallize  at  1220°  with  separation  of  forsterite  which  continues 
down  to  about  1180°.  At  this  temperature  melilite  begins  to  crystallize, 
and  below  this  temperature  the  mass  consists  of  melilite,  forsterite  and 
liquid  down  to  temperatures  where  the  crystals  formed  are  no  longer 
identifiable.  Here  again  the  temperature  of  final  consolidation  is  un- 
known. Neither  nephelite  nor  diopside  appears,  at  least  not  at  any 
temperature  where  the  identification  of  phases  is  possible.  They  mutually 
destroy  each  other  in  the  reaction  which  produces  melilite. 

A  mixture  of  70  per  cent  nephelite  and  30  per  cent  diopside  begins 
to  crystallize  at  1235°  with  separation  of  nephelite.  At  about  1  180"  the 
nephelite  is  joined  by  olivine  and  melilite,  and  down  to  temperatures 
where  the  crystals  formed  are  no  longer  identifiable  the  mass  consists 
of  nephelite,  melilite,  forsterite  and  liquid.  No  diopside  appears,  it 
being  used  up  by  reaction  with  nephelite  to  form  melilite. 

NATURE  OF  THE   MELILITES 

The  melilites  formed  from  the  mixtures  studied  do  not  correspond 
with  the  end  member,  akermanite,  whose  equilibrium  relations  are  given 
in  Fig.  55,  but  are  strictly  analogous  to  natural  igneous  melilites.  Some 
of  the  crystals,  particularly  those  formed  at  higher  temperatures,  are 
positive  like  akermanite  but  of  much  weaker  birefringence.  With  increas- 
ing richness  in  nephelite  in  the  total  mixture  the  melilites  separated 
become  isotropic  and  finally  pass  over  into  negative  melilites.  The  de- 
crease of  birefringence  is  accompanied  by  a  slight  decrease  of  ref ringence 
which  is  about  1.630  in  the  sensibly  isotropic  member.  The  series  is 
quite  different,  therefore,  from  the  akermanite-gehlenite  series  of  Fer- 
guson and  Buddlngton  in  which  the  refringence  increases  as  the  bire- 
fringence decreases  on  passing  away  from  akermanite.  The  present 
artificial  melilites  are,  however,  readily  explained  and  correlated  with 
natural  melilites  in  the  light  of  the  recent  work  of  Buddington.^  The 
relation  to  Buddington's  mixtures  is  brought  out  clearly  by  adding 
nephelite  directly  to  akermanite  and  crystallizing  the  fused  mixture  at 
a  low  temperature.  When  10  per  cent  nephelite  is  added  to  akermanite 
the  product  is  nearly  homogeneous  melilite  of  somewhat  lower  refrin- 
gence and  distinctly  lower  birefringence  than  akermanite.  There  is, 
however,  a  very  little  forsterite  in  excess  and  also  minute  stringers  of 
glass.  As  more  nephelite  is  added  the  forsterite  and  glass  increase  some- 
what  and   the   birefringence   of   the   melilite   further    decreases.   When 

1  These   melilites    fall   under  the  subdivision  huniboldtilite   as   used   by   Buddington,   Amer.  Jour. 
Set.,  3.  1922.  P-  75- 
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25  per  cent  nephelite  is  added  the  melilite  is  sensibly  isotropic  and  its 
index  about  1.630  and  further  addition  of  nephelite  produces  negative 
melilite.  The  series  of  melilites  is  evidently  strictly  analogous  to  the 
akermanite:  sarcolite:  soda-sarcolite  series  of  Buddington  (p.  56).  An 
equation  can  be  written  showing  the  formation  of  these  molecules  by 
reaction  of  akermanite  ,and  nephelite  (the  akermanite  being  in  excess) 
with  the  formation  of  some  forsterite  and  a  more  siliceous  alkalic  liquid 
that  remains  as  glass.  The  equation  is  as  follows: 

nephelite  akermanite  sarcolite 

liCNaAlSioO    +    6(2CaO.  Mg0.2Si02)    =    4(3CaO  .  AI2O3 .  3SioO    + 
soda-sarcolite  olivine 

2(3NaoO  .AUOs.SSiOs)   +  3Mg2Si04  +  3NaAlsi..06 

The  melilites  formed  in  the  nephelite-diopside  mixtures  are  exactly 
like  those  formed  in  the  nephelite-akermanite  mixtures  except  that  they 
do  not  show  as  great  range  of  composition.  As  noted,  they  may  be  either 
positive  or  negative  but  are  never  far  removed  from  the  isotropic  mem- 
ber; in  other  words  they  never  approach  the  pure  akermanite  end  member 
but  appear  to  center  around  the  low  melting  mixture  which  Buddington 
has  decided  is  the  case  in  natural  melilite  (p.  87).  The  reactions  taking 
place  when  nephelite  is  added  to  diopside  may  be  pictured  by  imagining 
that  the  first  step  is  the  production  of  forsterite  and  akermanite  from 
diopside  by  desilication  as  follows : 

4CaMgSi20o  +  3NaAlSi04  =  2(2CaO  .  MgO  .  2Si02)   +  Mg^SiOi  +  3NaAlsi20a 
The  akermanite  then   further  reacts  with  nephelite  after  the  manner 
indicated  in  the  first  equation  to  produce  the  other  molecules  of  the 
typical  melilites.  The  forsterite  and  the  melilites  resulting  are  the  first 
crystals  precipitated  from  the  intermediate  mixtures. 

The  correspondence  with  the  melilites  of  the  rocks  described  is  quite 
marked  for,  in  the  portion  of  the  rock  where  reaction  with  the  alkalic 
liquid  has  not  proceeded  far,  the  melilite  is  positive  (akermanite-rich) 
whereas  in  the  biotite-melilite  seams,  where  reaction  has  gone  farther,  the 
melilites  have  isotropic  cores  and  negative  outer  portions.  A  zoning  of 
this  particular  nature  has  been  noted  in  melilite  from  San  Venanzo.^  In 
the  natural  rock  ordinary  olivine  was  not  one  of  the  products  of  the 
reaction  for  the  reason  that  the  reacting  liquid  differed  from  the  experi- 
mental liquid,  notably  in  the  potash  content,  with  the  result  that  mica 
was  formed  instead. 

SPACE  RELATIONS  OF  THE  EQUILIBRIUM   FIELDS 

The  separation  of  melilite  and  olivine  from  liquids  whose  total  com- 
position can  be  expressed  as  a  mixture  of  nephelite  and  diopside  has 
already  been  discussed  in  some  detail  and  pictured  in  Fig.  67.  As  an 

1  Rosenbusch,   Mikroskopische  Physiographie,  I,   2,    1905,  p.  71. 
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aid  to  the  understanding  of  equilibrium  relations  in  the  rock  we  have 
described,  it  is  perhaps  desirable  to  present  the  results  in  a  somewhat 
different  manner,  that  is,  in  terms  of  a  composition  tetrahedron  having 
as  its  base  the  CaO-MgO-SiO,  triangle  and  nephelite  at  the  other  corner. 
The  compounds  and  their  equilibria  with  liquids  for  all  compositions 
lying  on  the  base  have  been  studied  by  Ferguson  and  Merwin,  and  our 
present  purpose  is  to  describe  how  their  fields  are  affected  as  we  pass 
out  into  the  tetrahedron,  that  is,  as  nephelite  is  added.  It  is  apparent 
from  the  equations  that  have  been  given  above  that  even  four  components 
are  not  sufficient  to  express  accurately  the  composition  of  all  the  phases 
present  but  we  could,  as  in  the  pseudo-binary  diagram  (Fig.  67),  mark 
the  tetrahedron  out  into  fields  showing  the  nature  of  the  solid  phase 
in  equilibrium  with  liquid,  the  total  composition  of  the  mixture  being 
given  by  a  point  in  the  tetrahedron. 

No  attempt  has  been  made  to  map  out  the  fields  throughout  the  whole 
tetrahedron,  which  would  be  a  labor  of  many  years.  Attention  has  been 
concentrated  upon  the  position  of  the  melilite,  olivine  and  pyroxene  fields 
as  having  particular  interest  in  the  present  connection. 

The  fields  that  have  been  delimited  for  the  MgO-CaO-SiOg  mixtures 
constituting  the  base  will  pass  upward  into  the  tetrahedron,  the  boundary 
curves  becoming  boundary  surfaces.  The  position  of  these  surfaces  as 
they  are  encountered  by  the  lines  indicating  the  changing  composition 
of  any  crystallizing  liquid  mixture  may  be  shown  approximately  by  pro- 
jecting upon  the  base  the  surfaces  where  thus  encountered.  The  position 
of  the  point  on  the  nephelite-diopside  join  (A)  serves  as  a  reference 
or  indicating  point. 

In  the  CaO-MgO-SiO^  system  itself  as  shown  in  Fig.  SS  all  of  the 
liquids  in  equilibrium  wilh  monticellite  are  more  siliceous  than  monticel- 
lite  itself.  On  the  other  hand  diopside  lies  in  the  pyroxene  field,  that  is, 
the  liquids  with  which  it  is  in  equilibrium  surround  it  and  are  both  more 
siliceous  and  less  siliceous.  When  nephelite  is  added  the  pyroxene  field 
is  pulled  over  toward  the  silica  corner  and  with  about  19  per  cent 
nephelite  the  boundary  surface  pyroxene-forsterite  passes  through  the 
indicating  point  (A)  which  thereafter  lies  in  the  forsterite  field.  At 
20  per  cent  nephelite  the  section  through  the  tetrahedron  shows  the 
projected  fields  in  the  relative  positions  of  Fig.  68,  the  arrows  indicating 
falling  temperature.  This  shows  that  forsterite  crystallizes  first,  pyrox- 
ene second,  and  then  melilite  from  a  mixture  given  by  the  indicating 
point. 

With  40  per  cent  nephelite  the  relative  positions  of  the  projected 
fields  are  as  shown  in  Fig.  6g.  Thus  forsterite  crystallizes  first  and  is 
joined  simultaneously  by  both  pyroxene  and  melilite  from  a  mixture  of 
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diopside  and  nephelite  as  given  by  the  indicating  point.  With  ^^  per  cent 
nephelite  the  fields  as  projected  are  shown  in  Fig.  70. 

The  manner  in  which  the  fields  of  forsterite  and  melilite  are  drawn 


Figs.  68,  69,  70  and  71.  Projections  of  fields  of  stability  in  nephelite-diopside  mix- 
tures upon  the  CaO-MgO-SiO^  plane.  Same  orientation  as  Fig.  ^5.  Projected  point 
for  mixtures  of  nephelite  with  diopside.  A;  with  monticellite,  B;  with  akermanite, 
C  ;  with  enstatite,  D  ;  with  forsterite,  E.  Fig.  68,  20  per  cent  nephelite ;  Fig.  69 
(lower  left),  40  per  cent;  Fig.  70  (upper  right),  55  per  cent;  Fig.  71,  deduced 

relations  in  magma. 


farther  over  toward  the  silica  corner  as  more  and  more  nephelite  is 
added  is  well  shown  by  this  series  of  figures  (55',  68,  69  and  70).^  A 
simple,  if  only  qualitative  explanation  of  this  is  that  equilibrium  in  the 
liquid  is  such  that  the  nephelite  in  the  liquid  takes  silica  to  itself  and 
leaves  relatively  little  for  the  lime  and  magnesia,  thereby  increasing 
the  concentration  in  the  liquid  of  the  low-silica,  lime  and  magnesia  com- 
pounds and  causing  their   precipitation  at  an   early   stage.   Indeed   the 

1  In  Fig.  55  the   point  corresponding  to   (A)  is  the  diopside  point  itself. 
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series  of  figures  is  but  a  graphical  and  qualitative  expression  of  the 
equations  given  on  page  263.  This  affords  an  example  of  the  manner  in 
which  both  affinity  and  solubility  combine  to  determine  the  solid  phases 
that  shall  separate  from  a  liquid,  the  affinity  of  nephelite  for  silica 
being  unquestionably  an  important  factor  in  the  present  instance. 

On  account  of  the  impossibility  of  distinguishing  between  forsterite 
and  monticellite  in  the  small  crystals  obtained  at  the  relatively  low 
temperatures,  it  is  impossible  to  speak  with  certainty  regarding  the  be- 
havior of  the  monticellite  field.  It  is  apparently  pulled  over  in  the  same 
manner  as  the  other  fields,  indeed  even  in  the  ternary  system  itself 
(Fig.  ^^)  it  is  displaced  in  that  direction,  so  the  addition  of  nephelite 
presumably  emphasizes  this  natural  tendency,  Monticellite  may  therefore 
separate  from  liquids  not  particularly  rich  in  lime  and  magnesia,  pro- 
viding they  are  alkalic  The  manner  in  which  the  monticellite  field 
separates  a  part  of  the  forsterite  field  from  part  of  the  akermanite  field, 
with  a  consequent  reaction  relation,  has  already  been  pointed  out.  This 
separation  is  apparently  more  marked  in  the  alkalic  liquids  and  in  the 
case  of  the  natural  rock  described  it  appears  that,  for  the  system  it  rep- 
resents, the  fields  must  be  considered  to  have  the  relative  positions 
shown  in  Fig.  71,  which  gives  their  projection  upon  the  CaO-MgO-SiOo 
plane  in  a  manner  analogous  to  that  of  Figs.  68,  69  and  70.  Such  a 
figure  will,  at  any  rate,  afford  an  explanation  of  the  paragenesis  of 
minerals  in  the  rock  and  is  but  a  further  modification  of  Figs.  68,  69 
and  70  in  the  direction  in  which  modification  has  been  demonstrated  in 
the  presence  of  alkali-rich  liquid.  The  figure  (71)  shows  that  the  crys- 
tallization of  a  liquid  given  by  the  indicating  point  may  begin  with  the 
formation  of  olivine,  which  is  followed  by  pyroxene,  then  monticellite, 
then  melilite,  the  monticellite  and  melilite  having  a  reaction  relation  to 
pyroxene  and  olivine;  that  is,  the  latter  are  resorbed  and  replaced  by 
monticellite  and  this  in  turn  by  melilite.  This  is  the  relation  that  the 
actual  minerals  of  the  rock  show,  with  blotite  as  an  additional  replacing 
mineral,  the  investigation  of  which  would  require  the  addition  of  sev- 
eral other  components.  The  occurrence  of  melilite  as  reaction  rims  about 
augite  or  olivine  has  been  noted  in  other  rocks  of  this  area^  and  indeed 
a  great  many  of  the  occurrences  of  melilite  suggest  its  origin  by  reaction 
of  pyroxene  with  alkalic  liquid. 

FORMATION  OF  LIME-RICH  MINERALS  IN  ALKALIC  ROCKS 

The  series  of  figures  f^^,  68,  69  and  70)  serves  to  emphasize  the  fact 
that  in  the  presence  of  considerable  nephelite  the  very  basic  silicates 
forsterite,  melilite  and  possibly  monticellite  separate  from  liquids  well 
over  on  the  silica  side  of  the  nephelite-diopside  join.  The  presence  in  a 

1  Robert  Harvie,  Trans.  Roy.  Soc.  Can.,  3rd  Ser.,  VoL  3,  sec.  IV,   1910,  p.  261. 


LAMPROPHYRES  AND  RELATED  ROCKS  267 

rock  of  the  lime-rich  mineral  melilite  need  not,  therefore,  be  considered  as 
indicating  the  existence  of  a  magma  particularly  rich  in  lime  but  rather 
of  an  alkali-rich  magma  from  which  melilite-bearing  facies  might  be 
formed  by  the  reaction  effects  noted.  Moreover,  the  intimate  association 
of  melilite  and  nephelite  rocks  in  nature  is  to  be  regarded  as  further 
evidence  of  the  importance  of  crystallization-differentiation,  melilite 
being  a  normal  cafemic  constituent  of  nephelite-bearing  rocks. 

Even  such  minerals  as  garnet  and  vesuvianite,  closely  related  as  they 
are  to  melilite,^  may,  perhaps,  be  capable  of  formation  as  normal  con- 
stituents from  alkalic  magmas  and  are  not  necessarily  an  indication  of 
contamination  of  the  magma  by  lime-rich  rocks  such  as  limestone.  These 
very  basic  silicates  may  conveniently  be  regarded  as  the  normal  basic 
minerals  of  rocks  (mainly  metasilicates)  desilicated  in  the  presence  of 
alkalic  molecules  such  as  nephelite.  It  will  be  noted  that  this  action, 
which  has  been  demonstrated  for  the  artificial  mixtures,  is  exactly  the 
opposite  of  that  which  Daly  supposes  to  take  place  in  magmas,  viz.,  the 
desilication  of  feldspathic  molecules  by  lime,  with  formation  of  feld- 
spathoids.  This  fact  should  not,  however,  in  itself,  be  urged  as  neces- 
sarily disproving  Daly's  assumption,  for  it  is  conceivable  that  we  are 
dealing  with  a  condition  of  equilibrium  whose  position  may  be  varied 
under  different  conditions. 

The  information  obtained  from  the  investigated  liquids  shows  that 
the  mineral  association  of  the  Isle  Cadieux  rocks  can  originate  through 
the  action  of  alkalic  liquid  on  augite  and  olivine.  There  is  no  neces- 
sity for  the  existence  of  a  lime-rich  liquid  and  in  particular  no  evidence  of 
the  existence  of  a  liquid  of  the  total  composition  of  the  rock.  Concerning 
the  related  Montana  rock  Ross  says  that  it  "is  not  associated  with  lime- 
stone beds;  it  contains  no  calcic  inclusions,  and  is  low  in  calcium  since 
it  contains  less  than  9  per  cent  CaO.  It  is  evident  that  an  alnoitic  rock 
can  develop  without  the  assimilation  of  limestone  and  in  the  absence  of 
an  excessively  large  lime  content." 

On  the  other  hand  Scheumann,"  studying  very  similar  rocks  from 
Bohemia,  and  Stansfield,^  studying  rocks  near  Isle  Cadieux,  have  con- 
cluded that  assimilation  of  limestone  has  occurred  and  has  produced 
lime-rich  liquids.  Scheumann  believes  also  in  the  re-solution  of  early 
sunken  crystals  to  form  liquid  strongly  enriched  in  these  constituents. 
From  this  action  he  excludes  olivine,  believing  that  the  re-solution  of 
constituents  occurs  only  "bis  auf  dem  Olivinbestandteil"  in  his  rocks. 
Even  Scheumann,  then,  does  not  advocate  the  existence  of  liquids  of  the 
total  composition  of  his  lamprophyric  rocks  though  he  goes  much  farther 
in  that  direction  than  the  facts  seem  to  warrant  in  the  other  cases  that 

1  The  sarcolite  molecule  of  melilite  is  also  a  garnet  molecule. 

2  K.  H.  Scheumann,  Centralbl.  Min.,   1922,  pp.   495-54J. 

3  J.  Stansfield,  Geol.  Mag.,  40,   1923,  p.  433. 
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have  been  cited.  It  is  not  im[)ossible  that  each  conclusion  is  correct  for 
the  individual  example.  As  Fig.  67  shows,  complex  liquids  rich  in  lime 
and  magnesia,  which  are  at  the  same  time  rich  in  alkaline  compounds  of 
the  right  kind,  can  exist  at  comparatively  low  temperatures  so  that  we 
have  not  the  same  barrier  to  the  acceptance  of  such  liquids  as  we  have 
in  the  case  of  liquids  rich  in  lime  and  magnesia  alone.  The  comparatively 
simple  liquid  made  up  of  60  per  cent  NaAlSiO^  (nephelite)  and  40  per 
cent  CaMgSi._,Oy  (diopside)  begins  to  crystallize  only  at  1190°  and  is 
partly  liquid  at  temperatures  well  below  this.  This  liquid  has  the  oxide 
composition  SiO,  47.6,  AUO^  21.5,  MgO  7.4,  CaO  10.4  and  NaoO  13.1. 
Related  liquids  of  more  complex  character  (i.e.,  containing  additional 
components  such  as  iron  and  potash  compounds)  could  undoubtedly 
exist  at  still  lower  temperatures  especially  when  some  volatile  con- 
stituents are  present.  At  the  same  time  it  should  be  realized  that  increas- 
ing the  content  of  MgO  or  CaO  of  this  liquid  must  raise  the  temperature 
at  which  the  mass  will  be  entirely  liquid,  for  this  liquid  (60  Ne  40  Di) 
is  saturated  with  olivine  and  melilite.  Melilite  is  thus  not  to  be  expected 
as  inherently  present,  in  the  stoichiometric  sense,  in  the  low  melting 
liquid  though  it  may  form  from  such  a  liquid  just  as  olivine  may  form 
from  many  liquids  (including  these  liquids)  whose  composition  is  such 
that,  stoichiometrically,  they  contain  no  olivine.  We  have  thus  additional 
reasons  for  believing  that  melilite,  occurring  in  the  rocks  discussed,  is 
for  the  most  part  formed  either  by  reaction  between  alkaline  liquid  and 
already  crystallized  pyroxene  or  is  precipitated  from  a  liquid  rich  in 
feldspathoid  molecules  and  pyroxene  but  at  the  same  time  not  rich 
enough  in  lime  to  contain  melilite  in  the  stoichiometric  sense.  Its  pres- 
ence does  not,  therefore,  indicate  the  existence  of  a  liquid  very  rich  in 
lime  though  a  liquid  comparable  with  the  synthetic  liquid  (60  Ne  40  Di) 
in  this  respect  is  presumably  formed  in  some  cases.  This  matter  is  treated 
further  in  connection  with  the  development  of  certain  liquids  by  the 
fractional  resorption  of  hornblende. 


CHAPTER     XIV 

THE  FRACTIONAL  RESORPTION  OF  COMPLEX  MINERALS 

AND  THE  FORMATION  OF  STRONGLY  FEMIC 

ALKALINE  ROCKS 

A  CCORDING  to  the  conclusions  reached  in  the  foregoing  disrussion, 
/\  the  olivine-bearing  lamprophyres  have  not  been  formed  from 
X  jjk^ liquids  of  their  own  bulk  composition.  Their  constituents  may, 
in  general,  be  separated  into  a  group  of  notably  femic  minerals  which 
were  acted  upon  by  an  alkalic  liquid  with  resultant  deposition  of  another 
group  of  minerals,  and  the  only  liquid  immediately  concerned  in  their 
formation  was  this  alkalic  liquid.  This  association  of  accumulated  femic 
crystals  with  an  alkalic  liquid  is  not,  however,  to  be  regarded  as  fortu- 
itous. It  is  believed  to  be  due  to  the  fractional  resorption  of  complex 
minerals,  notably  hornblende,  which  will  now  be  discussed. 

In  our  study  of  rocks  formed  by  the  accumulation  of  crystals  of 
olivine  and  of  basic  plagioclase  we  found  reason  to  believe  that  there 
was  no  significant  re-solution  of  these  minerals.  In  stating  this  con- 
clusion we  had  no  desire  to  set  up  such  behavior  as  a  standard  to  be 
applied  to  any  mineral  which  accumulates  in  a  similar  manner.  We 
merely  examined  rocks  enriched  in  one  or  both  of  these  two  minerals 
and  found  in  their  characters  the  evidence  of  lack  of  re-solution.  Olivine 
and  basic  plagioclase  are  minerals  of  comparatively  simple  constitution 
and  it  may  be  safely  said  that,  since  they  are  early  members  of  the  reac- 
tion series,  each  crystal  of  either  that  is  added  to  any  layer  of  magma 
raises  the  crystallization  temperature  of  that  layer,  not  only  the  tempera- 
ture of  beginning  of  crystallization  but  also  the  (equilibrium)  tempera- 
ture of  completion  of  crystallization.  It  is  this  fact  that  acts  as  a  bar 
to  the  re-solution  of  crystals  of  these  minerals.  The  same  statements  are, 
in  general,  true  of  pyroxenes,  certainly  of  orthopyroxene  and  of  much 
clinopyroxene.  Some  of  the  more  complex  clinopyroxenes  may  exhibit 
relations  similar  to  those  of  hornblende.  In  the  case  of  hornblende  we 
have  a  mineral  of  very  complex  constitution.  The  usual  isneous  horn- 
blende is  a  very  basic  mineral,  a  fact  which  was  pointed  out  in  discussing 
the  methods  whereby  the  residual   liquids  from   fractional   crystalliza- 
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tion  of  basic  magma  are  enriched  in  free  silica.  But  hornblende  is  basic 
in  a  very  complex  way  and,  whereas  its  addition  to  a  certain  layer  will 
raise  the  temperature  of  beginning  of  crystallization  of  that  layer,  it 
may  at  the  same  time  lower  the  temperature  of  completion  of  crystalli- 
zation and  affect  the  course  of  crystallization  in  important  respects. 

The  problem  is  best  attacked  by  considering  the  behavior  as  a  mani- 
festation of  fractional  resorption.  We  should  expect  hornblende,  sinking 
into  a  region  of  somewhat  hotter  liquid,  not  to  be  redissolved  as  such, 
except  in  quite  small  amount,  but  rather  to  enter  into  reactions  which 
precipitate,  as  crystals,  earlier  minerals  of  the  reaction  series.  These  will 
be  olivine  and  pyroxene  and  perhaps  some  calcic  plagioclase;  for  the 
most  part  minerals  of  simple  constitution.  If  a  large  amount  of  horn- 
blende suffers  such  action  there  should  result  an  enrichment  of  the  liquid 
in  all  the  constituents  of  hornblende  other  than  those  precipitated  during 
the  reaction.  We  may  ascertain  just  what  these  constituents  will  be  by 
studying  the  norm  of  hornblende-rich  rocks  such  as  hornblendite,  for 
in  the  norm  the  rock  analysis  is  converted  into  simple  minerals,  some  of 
them  the  same  as  those  we  have  noted  as  the  earlier  members  of  the 
reaction  series  which  are  precipitated  by  this  reaction.  In  Table  XV 
we  give,  therefore,  the  normative  composition  of  ten  hornblendites  taken 
from  Washington's  Tables  of  1917.  Of  the  normative  minerals  listed, 
albite  and  orthoclase  are  late  members  of  the  ordinary  reaction  series 
and  their  tendency  would  be  to  become  part  of  the  "hot"  liquid.  It  will 
be  noted,  too,  that  nephelite  is  a  rather  important  constituent  of  nearly 
all  the  norms.  As  shown  by  Fig.  67,  nephelite  is  capable  of  forming  with 
diopside  a  liquid  of  quite  low  melting  temperature,  so  it  is  to  be  ex- 
pected that  nephelite  together  with  a  nearly  equivalent  weight  of  diop- 
side could  enter  into  the  liquid.  Probably  the  small  amounts  of  leucite 
shown  in  some  of  the  norms  and  some  of  the  calcium  orthosilicate  of 
two  of  them  would  tend  to  pass  into  the  liquid  also.  On  the  other  hand, 
olivine,  excess  of  pyroxene  and  perhaps  basic  plagioclase  would  tend 
to  be  precipitated  by  the  "hot"  liquid.  It  should  be  noted  that  by  "hot" 
liquid  we  do  not  mean  superheated  liquid  but  merely  liquid  not  yet 
saturated  with  hornblende.  It  may  be  saturated  with  olivine  and/or 
pyroxene  and/or  basic  plagioclase;  indeed,  superheated  liquid  would 
rapidly  become  saturated  with  these  as  a  result  of  the  reaction.  Plainly 
only  a  thoroughly  basic,  presumably  basaltic  liquid  is  to  be  considered 
effective.  If  the  mass  whose  total  composition  has  been  thus  affected  by 
the  addition  of  hornblende  cools  slowly  the  liquid  would  eventually 
become  saturated  with  hornblende,  the  reactions  noted  would  be  reversed 
and  a  mass  rich  in  hornblende  would  result.  Such  a  rock  as  a  cortlandite 
might  then  form.  But  let  the  mass  be  injected  as  a  small  dike  into  cold 
rocks  before  the  formation  of  hornblende  sets  in  and  the  rapid  cooling 
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might  give  such  rocks  as  the  olivine-bearing  lamprophyres  we  have  been 
discussing.  If  the  injection  is  accompanied  by  a  filtration  effect  which 
tends  to  separate  crystals  and  liquid  the  liquid  portion  would  crystallize 


TABLE  XV 

NORMATIVE 

COMPOSITION   OF 

II0RNI5LENDITES 

A 

R 

Ab 

Or 

Ne 

Di 

Lc 

Cs 

An 

Hy 

Ol 

1 

19-39 

2.78 

26.88 

21.13 

9-30 

9-47 

2 

19.18 

723 

10.79 

26.57 

3-92 

8.0? 

3 

3-14 

10.01 

7.10 

14.36 

26.41 

18.12 

4 

8.52 

25.52 

4-36 

6.19 

23.91 

16-7? 

5 

6.53 

3.49 

14.62 

30-58 

27-29 

6 

7.07 

6.67 

8.09 

51.94 

7-51 

11.5:6 

7 

11.00 

1.11 

4.26 

31.04 

15.01 

28.76 

8 

2.62 

7-23 

47.92 

18-35 

9.25 

9 

2.62 

8.34 

398 

26.60 

18.36 

14.70 

ID 

5.24 

2.22 

14-39 

20.29 

22.65 

25.29 

Norms  of  ten  hornblendites  from  Washington's  Tables,  1917.  (Magnetite,  ilme- 
nlte,  apatite,  etc.,  omitted.) 

The  normative  constituents  under  A  tend  to  becom.e  part  of  the  liquid  when 
hornblende  reacts  with  "hot"  liquid.  We  must  except  that  part  of  the  diopside 
in  excess  of  the  figure  for  Ne  (approx.)  and  perhaps  also  some  calcium 
orthosilicate. 

The  normative  constituents  under  B  tend  to  be  precipitated  by  the  reaction. 
We  must  except  some  normative  anorthite  that  may  go  Into  pyroxene  molecules. 

to  a  mass  rich  in  nephelite  and  pyroxene  especially  if  crystallization 
took  place  under  surface  or  near-surface  conditions.  Thus  may  originate 
the  nephelinites  or,  when  some  olivine  crystals  have  been  carried  along, 
the  nephelite  basalts. 

The  sinking  of  biotite,  either  alone  or  with  hornblende,  and  its 
reactive  solution  in  "hot"  liquid  should  be  regarded  in  the  same  general 
way.  Biotite  may  be  regarded  as  made  up  of  highly  femic  molecules, 
mainly  olivine,  that  would  be  precipitated  and  alkalic  molecules  that 
would  in  large  part  enter  into  the  liquid.  The  separation  of  liquid  from 
crystals,  say  by  a  squeezing-out  process,  would  appear  to  be  the  most 
promising  method  of  developing  liquids  that  are  strongly  alkaline  and 
at  the  same  time  rich  in  ferromagnesian  constituents,  the  latter  largely 
as  metasllicates  (pyroxenes)  but  not  as  orthosilicates  (olivine).  In  this 
direction  lies  what  at  present  appears  to  be  the  most  promising  method 
of  development  of  nephelinite,  leucitite,  nephelite  basalt,  leucite  basalt, 
and  nephelite-melilite  basalt.  The  leucite-bearing  types  are  to  be  re- 
garded as  developed  from  liquids  enriched  principally  in  certain  of  the 
constituents  of  biotite,  and  the  nephelite  and  nephelite-melilite  types  as 
developed  from  liquids  enriched  in  some  of  the  constituents  of  horn- 
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blende,  with,  of  course,  every  gradation  between  the  extremes.  It  is  espe- 
cially noteworthy  in  this  connection  that  a  porphyritic  nature  is  so  defin- 
itely characteristic  of  nephelite  basalt,  leucite  basalt,  and  melilite  basalt 
that  the  designation  "porphyritic"  is  part  of  the  definition  of  each  of 
these  types  as  given  by  Rosenbusch.  Yet  this  is  not  a  mere  matter  of  defi- 
nition for  there  are  no  non-porphyritic  rocks  of  corresponding  composi- 
tion. In  other  words  it  is  an  inherent  characteristic  of  material  of  the 
composition  of  these  rocks  that  it  should  exhibit  phenocrysts.  The  pheno- 
crysts  are  olivine  and  augite  and  one  can  conclude  only  that  there  were 
no  liquids  of  the  bulk  composition  of  these  rocks.  The  only  liquids  con- 
cerned were  notably  poorer  in  olivine  and  augite  substance.  The  closely 
related  nephelinite,  leucitite,  etc.,  ordinarily  lack  these  phenocrysts  but 
only  because  their  total  composition  is  such  that  they  are  impoverished 
in  the  substance  of  the  phenocrysts.  Nephelinite  and  leucitite  thus  cor- 
respond in  general  with  the  groundmass  of  nephelite  basalt  and  leucite 
basalt  respectively.  They  represent  the  liquid  portions  of  the  correspond- 
ing basalts  with  the  crystals  removed  in  some  manner  and  are  conse- 
quently richer  in  alkaline  minerals  or,  better,  in  the  low-melting 
combination  nephelite-pyroxene  on  the  one  hand  and  leucite-pyroxene 
on  the  other. 

When  the  crystallization  of  these  femic-alkalic  mixtures  takes  place 
under  certain  conditions  there  is  a  tendency  for  two  very  basic  minerals, 
viz.,  olivine  and  melilite  to  separate  in  excess,  if  we  may  reason  by 
analogy  with  the  simple  system  of  Fig.  67.  As  a  result  residual  liquids 
are  enriched  in  silica  and  impoverished  in  mafic  constituents.  Crystalli- 
zation would  thus  proceed  towards  a  yet  lower-melting  liquid  of  the 
general  composition  of  phonolite,  that  is,  rich  in  alkaline  feldspar 
(feldspathoid  -}-  silica)  and  feldspathoid.  In  this  tendency  there  prob- 
ably lies  the  explanation  of  the  natural  association  of  nephelite-basalt, 
melilite-basalt  and  phonolite.  The  fractional  resorption  of  accumulated 
hornblende  thus  permits  a  switching  over  of  the  liquid  into  an  alkaline 
line  of  descent.  It  is  probable  that,  among  deeper-seated  rocks,  such  types 
as  theralite,  basanite,  etc.  belong  in  this  line  of  descent. 

If  we  examine  a  table  of  igneous  rocks  which  divides  them  into  plu- 
tonic  rocks  and  their  effusive  equivalents  we  find  an  effusive  equivalent 
opposite  any  plutonic  rock  that  lies  in  or  approaches  any  of  the  liquid 
lines  of  descent.  Thus  such  rocks  as  diorite,  granodiorite,  nephelite 
syenite  all  have  effusive  equivalents.  If  we  turn  to  rocks  which  we  have 
reason  to  believe  are  formed  by  accumulation  of  crystals  especially 
where  this  must  be  very  marked  we  find  no  effusive  equivalents.  Thus 
peridotite  and  anorthosite  have  no  effusives  to  correspond.  Lack  of  an 
effusive  equivalent  of  hornblendite  will  also  be  found  in  such  a  table, 
yet  the  condition  Is  not  as  true  of  hornblendite  as  of  the  other  types 
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mentioned.  To  be  sure,  there  is  no  mineralogical  equivalent  of  horn- 
blendites  among  effusives,  nor  yet  is  there  an  exact  chemical  equivalent. 
This  is  because  hornblencie,  like  olivine  and  basic  plagioclase,  fails  to 
suffer  simple  re-solution  or  remelting  to  give  a  liquid  of  its  own  com- 
position. But  unlike  the  very  "refractory"  olivine  and  basic  plagio- 
clase, the  less  "refractory"  hornblende  does  suffer  some  action  of  this 
kind,  but  it  is  of  the  selective  nature  that  we  have  pointed  out.  The  result 
is  that  hornblendites,  while  not  having  equivalents  among  the  effusives, 
have  what  might  be  termed  representatives  among  these  and  they  are 
nephelite  basalts  and  related  rocks.  The  dike  representatives  are  the 
olivine-bearing  lamprophyres,  alnoites  and  related  types.  These  dike 
and  effusive  representatives  show  some  departure  from  hornblendites  in 
composition  on  account  of  the  selective  nature  of  the  re-solution.  The 
tendencies  brought  to  light  in  such  a  survey  of  rocks  leave  no  doubt  as 
to  the  restrictions  that  must  be  imposed,  as  well  as  the  liberties  that  may 
be  allowed  in  any  hypothesis  of  re-solution  of  accumulated  minerals. 


CHAPTER     XV 


FURTHER   EFFECTS  OF  FRACTIONAL  RESORPTION 


REVERSAL  OF  NORMAL  ORDER  OF  ZONING 

THE  possibility  of  fractional  resorption  is  not,  of  course,  con- 
fined to  any  particular  mineral  or  minerals,  though  some  are 
more  susceptible.  It  is  not  to  be  doubted  that,  during  the  slow 
crystallization  of  any  large  mass  of  magma,  any  crystal  formed  in  a 
cooler  upper  portion  may  sink  into  a  lower  stratum  at  least  somewhat 
hotter  and  that  there  some  resorption  would  occur.  Two  principal  cases 
may  be  distinguished  in  both  of  which  we  assume  that  the  lower  liquid 
has  the  same  composition  as  the  upper  liquid  had  before  it  began  to 
crystallize.  In  the  one  case  the  lower  stratum  may  be  regarded  as  still 
somewhat  above  the  temperature  of  saturation  for  the  sinking  mineral, 
and  in  the  other  it  may  be  regarded  as  saturated  with  that  mineral  phase. 
If  the  latter  condition  exists  and  the  crystalline  phase  is  a  definite  com- 
pound, no  solution  can  occur,  but  since  most  minerals  are  solid  solutions 
the  warmer  lower  stratum  might  be  saturated  with  a  crystalline  phase 
but  not  saturated  with  exactly  the  same  composition  of  that  crystalline 
phase.  For  example,  the  upper  part  might  have  become  saturated  first 
with  AbiAn4  and  have  cooled  further  until  it  is  now  saturated  with 
AbjAUg.  If  the  first  crystallization  had  been  rather  rapid  the  crystals 
would  be  zoned,  with  composition  ranging  fromAbjAn.j  toAbjAn2.  Now  if 
we  may  suppose  that  these  crystals  sink  into  a  hotter  layer  which,  because 
it  is  hotter,  is  saturated  with  a  more  calcic  plagioclase,  say  Abj^Ang,  then 
the  liquid  will  react  with  crystals  in  the  effort  to  transform  them  into 
Ab^Aua.  Since  the  action  must  take  place  at  the  interface  between  liquid 
and  crystals,  in  any  moderate  period  only  an  outer  shell  of  the  crystal 
will  have  been  transformed,  so  that  there  will  be  an  outer  zone  exhibit- 
ing a  reversal  of  the  normal  order  of  zoning.  In  the  meantime  even  the 
deeper  layer  in  which  the  crystals  are  now  suspended  may  have  exper- 
ienced sufficient  cooling  that  it  is  now  passing  into  a  condition  of  equi- 
librium with  less  calcic  plagioclase  and  the  deposition  of  less  calcic 
zones  may  be  resumed,  with  the  normal  order  of  zoning  again  in  evi- 
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dence.  The  temporary  reversal  of  zoning  may  thus  be  explained  as  due 
to  the  sinking  of  crystals  into  a  hotter  zone.  A  carrying  forward  of  the 
whole  mass  to  a  higher  level,  with  institution  of  a  new  period  of  cooling 
and  sinking,  might  bring  about  a  repetition  of  the  same  effect  with  a 
general  tendency  towards  more  sodic  shells  but  with  another  reversal 
of  the  normal  zoning.  Oscillatory  zoning  of  plagioclase  may  thus  find 
a  probable  explanation  in  several  periods  of  sinking  with  intermittent 
surging  forward  of  the  mass.  It  may  also  be. that  the  forcing  of  a  hotter 
liquid  magma  through  a  crystal  mesh,  repeated  several  times,  is  a  com- 
mon cause  of  oscillatory  zoning.  Fenner  has  expressed  the  opinion  that 
oscillatory  zoning,  or  indeed  a  wide  range  of  zoning  even  of  the  normal 
kind,  testifies  to  a  long  periodof  suspension  and  disproves  crystallization- 
differentiation.^  His  conclusion  regarding  a  long  period  of  suspension 
is  undoubtedly  correct  if  it  means  that  not  all  the  crystals  sank  rapidly 
to  the  "bottom"  and  stayed  there,  but  if  it  carries  the  implication  that 
they  did  not  move  downward  at  all  then  it  is  decidedly  questionable. 
A  long  period  of  suspension  with  continued  sinking  is  to  be  expected  of 
crystals  that  differ  as  little  in  density  from  the  liquid  as  the  plagioclases 
ordinarily  do.  It  would  be  possible  at  any  time  during  the  process  to 
drain  off  a  portion  of  the  liquid  showing  suspended  crystals  of  a  certain 
kind  with  a  wide  range  of  zoning  or  perhaps  with  oscillatory  zoning. 
But  it  might  be  equally  possible  to  draw  off  another  portion  of  the 
liquid  from  which  all  of  the  crystals,  at  least  of  that  kind,  had  been 
removed,  and  yet  another  portion  from  which  they  have  been  partly 
removed.  The  existence  of  the  one  condition,  locally,  is  no  bar  to  the 
existence  of  the  other  conditions,  locally.  Indeed  it  should  be  fairly 
obvious  that  a  long  period  of  suspension  of  crystals  may  be  synonymous 
with  a  long  period  of  sinking  of  crystals.  The  occurrence  of  a  long 
period  of  suspension  (sinking)  certainly  cannot  be  taken  as  proof  that 
crystallization-differentiation  does  not  occur,  for,  though  still  suspended 
in  one  part  of  the  liquid,  the  crystals  may  have  come  from  another  part 
which  suffered  the  appropriate  change  of  composition  consequent  upon 
their  subtraction.  Or  again,  if  the  oscillatory  zoning  is  caused  by  the 
second  method  suggested  (repeated  filtering)  each  repetition  of  this 
action  is  a  crystallization-differentiation.  A  wide  range  of  zoning,  of  the 
normal  kind,  is  itself  a  form  of  crystal  fractionation  even  in  the  absence 
of  any  sinking  of  the  crystals,  for  in  virtue  of  such  zoning  the  liquid 
is  able  to  attain  compositions  it  would  not  otherwise  attain. 

LIMITS  OF  RESORPTION 

If,  in  a  mass  in  which  crystal  settling  is  taking  place,  the  lower  liquid 
is  unsaturated  with  the  sinking  crystal  phase  some  direct  solution  will 

1  C.  N.  Fenner,  Jour.  GeoL,  34,   1926,  p.  703. 


276  THE  EVOLUTION  OF  IGNEOUS  ROCKS 

occur,  but  various  factors  combine  to  limit  the  scope  of  this  action.  As 
the  concentration  of  the  dissolving  substance  increases  in  the  liquid  the 
temperature  at  which  saturation  will  occur  becomes  higher.  Moreover, 
in  the  act  of  solution,  heat  is  absorbed  and  the  temperature  of  the  liquid 
is  lowered.  Soon  the  temperature  is  reached  at  which  saturation  occurs 
for  the  new  concentration,  and  simple  solution  ceases.  Thereafter  the  only 
action  will  be  the  reactive  effect  already  described. 

It  is  impossible  to  say  what  limit  is  to  be  placed  upon  the  simple 
solution  of  sunken  crystals  in  any  individual  instance,  but  the  general 
survey  of  the  limits  of  composition  of  aphanites,  given  in  another  chap- 
ter, clearly  demonstrates  the  general  limits.  Apparently  solution  of  oli- 
vine never  occurs  beyond  an  amount  sufficient  to  endow  the  liquid  with 
10  to  15  per  cent  normative  olivine.  Likewise  solution  of  calcic  plagio- 
clase  never  occurs  beyond  an  amount  sufficient  to  endow  the  liquid  with 
normative  plagioclase  more  calcic  than  Ab^^An,.  It  is  not  impossible  that 
some  liquids  containing  the  higher  amounts  of  olivine  or  of  anorthite 
may  have  been  formed  by  solution  of  crystals  of  the  one  or  the  other  in 
liquids  less  rich  in  these  high-melting  compounds.  For  example,  the 
plateau  basalts  appear  to  have,  in  general,  plagioclase  approaching 
AbjAUj^  in  composition.  It  is  possible  that  some  basaltic  liquids  having 
the  normative  plagioclase  Ab^AUg  are  derived  from  plateau  magma  by 
a  process  of  solution  of  sunken  basic  plagioclase.  On  the  other  hand 
it  is  possible  that  original  basaltic  magma  varies  notably  at  its  source, 
wherever  that  may  be.  The  process  of  solution  of  sunken  crystals  can  not 
therefore  be  appealed  to  as  the  necessary  explanation  of  the  composition 
of  any  individual  liquid,  though  it  must  occur  in  some  instances.  But,  as 
we  have  seen,  a  general  upper  limit  can  be  placed  beyond  which  we  may 
be  sure  the  action  has  never  gone. 

LOCALIZED  RESORPTIVE   EFFECTS 

Although  the  total  composition  of  a  liquid  is  ordinarily  changed  but 
little  by  solution  of  crystals^  it  is  possible  that  somewhat  stronger 
effects  can  occur  locally  about  sinking  crystals  and  crystal  groups  when 
these  constitute  but  a  small  proportion  of  the  mass.  In  such  circum- 
stances the  relatively  free  flow  of  heat  from  the  large  body  of  liquid 
may  keep  the  reacting  system  in  the  immediate  vicinity  of  the  crystals 
at  sensibly  the  same  temperature  as  the  whole  mass  even  though  endo- 
thermic  changes  may  be  going  forward  there.  Such  a  condition  is  ren- 
dered possible  by  the  fact  that  the  diffusivity  of  temperature  is  much 
greater  than  the  diffusivity  of  concentration,  so  that  the  reaction  goes 
on  only  locally  and  affects  the  composition  of  the  liquid  only  locally, 
whereas  the  heat  necessary  for  the  reaction  is  derived  from  a  large  mass 

1  The  exceptions   are   those   to  whose  discussion  Chapter  XIV  has   been   devoted. 
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of  surrounding  liquid  whose  temperature  is  changed  inappreciably.  The 
most  important  result  of  such  action  from  the  viewpoint  of  crystal  frac- 
tionation will  be  the  possible  production  of  a  crystalline  phase  which  is  an 
earlier  member  of  the  same  reaction  series  to  which  the  sinking  crystal 
belongs.  To  some  extent  such  action  has  already  been  described  in  dis- 
cussing the  reversal  of  the  order  of  zoning  in  plagioclase,  though  there 
no  limitation  was  assumed  as  to  the  proportion  of  sinking  crystals.  More 
notable  effects  of  the  kind  described  may  be  obtained  on  a  few  crystals 
than  on  a  larger  proportion. 

FORMATION   OF   SPINEL   IN   ULTRABASIC   ROCKS 

Results  of  greater  consequence  are  to  be  obtained  when  the  crystals 
concerned  are  not  simply  members  of  a  continuous  reaction  series  (solid 
solution  series)  like  the  plagioclases  but  are  members  of  a  discontinu- 
ous reaction  series.  We  shall  discuss  this  feature  of  resorption  with 
special  reference  to  the  probable  mode  of  development  of  spinel  in  ultra- 
basic  rocks,  and,  to  illustrate  the  principles  involved,  the  diagram  of 
the  system,  anorthite-forsterite-silica  (Fig.  53,  p.  194)  will  be  used. 

A  mixture  of  the  composition  X  is  made  up  of  anorthite  59  per  cent 
and  enstatite  41  per  cent.  The  liquid  becomes  saturated  at  approximately 
1305°,  anorthite  and  forsterite  separating  together.  We  may  suppose 
that  a  large  mass  of  liquid  of  this  composition  and  at  a  temperature  of 
1325°  is  placed  in  such  surroundings  that  it  cools  principally  from  its 
upper  surface.  The  upper  portion  would  cool  quickly  to  1305°  and 
separation  of  anorthite  and  olivine  would  begin.  Crystals  of  these  would 
grow  and,  by  hypothesis,  would  sink.  We  shall  suppose  that  rare  crys- 
tals and  perhaps  glomeroporphyritic  groups  might  eventually  reach  a 
layer  of  magma  still  uncooled;  i.e.,  at  a  temperature  of  1325°.  Crys- 
tals would  begin  to  dissolve  and  in  the  immediate  vicinity  of  a  crystal 
group  there  would  be  a  localized  system,  with  liquid  varying  in  com- 
position from  X,  the  unchanged  liquid,  to  a  composition,  in  contact  with 
the  crystal  group,  which  has  dissolved  all  the  anorthite  and  forsterite 
possible  at  1325°.  But,  since  the  anorthite-forsterite  boundary  curve  is 
cut  off  at  1320°  by  the  spinel  field,  the  liquid  which  has  dissolved  as 
much  crystals  as  possible  will  lie  on  the  1325°  isotherm  in  the  spinel 
field,  that  is,  it  will  be  saturated  with  spinel,  not  with  anorthite  or 
forsterite.  In  short,  the  liquid  will  transform  some  of  the  crystals  into 
spinel.  It  is  an  endothermic  reaction  and  no  great  quantitative  proportion 
of  spinel  could  be  formed  without  cooling  any  but  a  very  hot  liquid  to 
a  temperature  at  which  it  would  be  saturated  with  anorthite  and  olivine, 
whereupon  action  would  cease.  Nevertheless  a  small  amount  of  spinel 
might  be  formed  by  this  method  from  a  liquid  only  slightly  above  its 
temperature  of  saturation  with  anorthite  and  forsterite. 
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In  order  to  introduce  the  above  discussion  in  the  simplest  manner,  we 
have  taken  a  liquid  which  becomes  saturated  with  both  anorthite  and 
forsterite  simultaneously,  and  have  regarded  it  as  somewhat  super- 
heated. For  a  liquid  of  such  composition  a  certain  amount  of  superheat 
is  essential  to  the  reaction  but  it  is  to  be  noted  that  there  are  any  number 
of  liquids  of  the  system  that  require  no  superheat  in  order  to  produce 
spinel  in  the  manner  described.  We  may  take,  for  example,  any  liquid 
which  lies  in  the  forsterite  field  and  becomes  saturated  with  forsterite 
at  a  temperature  above  1320°,  the  lowest  tem{)erature  of  the  spinel  field 
in  tins  system.  Such  a  liquid,  even  although  it  is  already  saturated  with 
forsterite,  so  long  as  it  is  not  yet  saturated  with  anorthite  in  addition, 
will  produce  spinel  from  any  crystal  group  of  forsterite  and  anorthite 
that  might  be  placed  in  it;  say,  might  sink  into  it  from  a  cooler  part 
of  the  liquid.  Likewise  liquids  which  first  become  saturated  with  anor- 
thite, but  are  not  yet  saturated  with  forsterite,  can  produce  similar 
effects  upon  such  crystal  groups. 

There  is  thus  furnished  a  possible  method  of  formation  of  spinel  from 
a  liquid  which,  in  the  ordinary  course  of  cooling,  is  incapable  of  forming 
spineL  Spinel  so  formed  should  be  a  transient  phase  and  should  dis- 
appear in  virtue  of  a  reversal  of  the  same  reaction  on  cooling.  Forma- 
tion of  a  corona  about  it  might  prevent  its  disappearance  or  the  same 
result  might  be  accomplished  by  local  accumulation  of  crystals  (spinel 
and  its  associates)  in  such  quantity  that  the  local  supply  of  liquid 
was  inadequate. 

Although  we  have  taken  a  specific  system  of  very  simple  type  to 
illustrate  this  action,  it  should  not  be  regarded  as  possible  only  in  this 
system.  Indeed  it  is  possible  in  any  liquid  which  can  precipitate  olivine 
and  basic  plagioclase  for  such  a  liquid  must  belong  to  a  system  which 
has  the  forsterite-anortbite  system  as  one  of  its  binary  limits.  There 
must  be  a  spinel  region  close  to  this  binary  limit  in  any  such  system, 
however  complex,  and  any  liquid  that  becomes  saturated  early  with  an 
olivine  close  to  forsterite  or  a  plagioclase  close  to  anorthite  is  capable 
of  transforming  these  into  spinel  if  the  liquid  is  at  a  temperature  within 
the  spinel  region  for  that  system.  In  general  the  presence  of  some  olivine 
in  a  liquid  which  is  otherwise  a  mixture  of  plagioclase  with  metasilicate 
(approximately)  will  tend  to  move  that  liquid  closer  to  the  spinel  field. 

A  very  fine  example  of  spinel  reaction  rims  has  been  described  re- 
cently by  Earth. ^  The  spinel  occurs  between  olivine  and  plagioclase  in 
rocks  which  Earth  interprets  as  formed  by  crystal  accumulation  (sink- 
ing).- The  spinel  may  be  interpreted  as  formed  by  reaction  effects 
between  plagioclase  and  olivine  sinking  into  a  liquid  as  yet  saturated 
with   only   one   of   them,   a    rising   temperature   effect.  The   subsequent 

1  Tom.   Barth,  Skr.  Norske  Vidensk.   Akad.   Oslo  1.   Mat.-Nalurv.    Kl.,   1927,   No.  8,  p.    15. 

2  Barth,  op.  cit.,  p.  29- 
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partial  replacement  of  spinel  by  hypersthene  (or  augite)  may  be  regarded 
as  a  reversal  taking  place  with  tailing  temperature.  Barth  cites  numer- 
ous examples  of  spinel-bearing  reaction  rims  in  rocks.  In  each  case  the 
essential  feature  appears  to  be  juxtaposition  of  olivine  and  plagioclase. 
There  is  nothing  incompatible  between  these  minerals.  They  occur  side 
by  side  in  many  rocks  without  interposition  of  any  other  material.  We 
therefore  believe  that  the  action  of  a  liquid  not  yet  saturated  with  both 
olivine  and  plagioclase  is  to  be  invoked  in  those  cases  where  spinel  has 
been  formed.  This  liquid  forms  with  the  crystals  a  localized  system 
which  will  develop  spinel  at  the  temperature  concerned  though  the  liquid 
alone  is  incapable  of  developing  spinel  at  any  temperature. 

Some  of  the  spinel  formed  during  this  reaction  may  participate  in  the 
process  of  crystal  accumulation  either  independently  or  as  a  constituent 
of  crystal  groups.  The  ultrabasic  rocks  of  Skye,  like  many  other  occur- 
rences of  such  rocks,  sometimes  carry  spinel^  (pleonaste)  and  the  asso- 
ciation is  such  as  to  suggest  that  spinel  may  have  been  formed  by  the 
action  described.  These  rocks  have  been  formed,  if  our  conclusions  are 
correct,  by  the  accumulation  of  early  crystals,  principally  olivine  and 
bytownite-anorthite,  from  a  liquid  of  the  composition  of  olivine  basalt, 
the  plateau  magma  of  that  region.  Hot,  but  not  necessarily  super- 
heated magma  in  the  deeper  layers  of  a  large  mass  may  have  acted  on 
these  early  crystals  to  produce  spinel.  It  is,  of  course,  an  action  not  un- 
related to  the  melting-up  of  crystals  in  deep-seated  layers,  an  action 
which  some  have  proposed  as  an  explanation  of  the  production  even  of 
extreme  liquids  such  as  peridotite  or  even  dunite.  Reasons  have  already 
been  given  for  believing  that  action  of  such  intensity  is  both  unlikely  on 
general  grounds  and  apparently  unwarranted  by  any  evidence  in  rocks 
themselves. 

ORIGIN   OF.  PICOTITE  AND   CHROMITE 

The  minerals  of  the  spinel  group,  picotite  and  chromite,  are  more 
cominonly  developed  in  ultrabasic  rocks  than  is  the  ordinary  spinel, 
pleonaste.  In  the  investigated  system  cited  in  connection  with  the  origin 
of  spinel  only  the  pure  magnesian  spinel  could  develop.  In  a  related 
natural  system,  containing  other  oxides,  no  doubt  other  spinel-forming 
oxides  would  enter  into  the  spinel.  Among  these  would  be  iron  and  a 
little  chromium,  possibly  nearly  all  the  chromium  of  the  liquid;  but  it  is 
very  doubtful  if  a  spinellid  as  rich  in  chromium  as  picotite  could  be 
formed  directly  by  that  process.  The  belief  in  the  remelting  of  sunken 
crystals  to  give  ultrabasic  liquids  has  the  advantage  that  a  rather  simple 
method  of  developing  picotite  and  chromite  can  be  based  thereon.  Given 
the  necessary  temperatures  it  is  also  a  not  improbable  method.  It  is  only 

1  Harker,  Tertiary  Igneous  Rocks   of  Skye,  p.  71. 
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necessary  to  assume  that  there  is  further  crystal  fractionation  and  re- 
melting  of  sunken  early  crystals,  among  which  would  be  a  spineilid.  By 
repetition  of  this  process  the  spineilid  might  eventually  become  strongly 
enriched  in  its  high-melting  components  including,  presumably,  chro- 
mium oxide.  V'ogt  has  proposed  such  a  process  for  the  production  of 
chromite.'  The  difficulties  involved  are  that  it  would  require  very  high 
temperatures  not  only  to  produce  such  liquids  but  to  keep  them  licjuid, 
so  that  we  should  have  evidence  wherever  they  have  been  intruded  that 
they  were  at  such  high  temperatures.  There  is  no  such  evidence ;  fur- 
thermore the  absence  of  aphanites  corresponding  to  these  chromite- 
bearing  rocks  renders  it  unlikely  that  any  such  liquids  are  to  be  reckoned 
with.  Indeed  it  seems  necessary  to  find  some  method  of  developing 
picotite  and  chromite  by  crystal  accumulation  and  such  reactions  as  may 
be  consequent-  thereon  without  appealing  to  the  extreme  temperatures 
necessary  for  remelting.  A  possible  method  will  now  be  suggested.  The 
first  step  in  the  process  is  the  development  of  a  spinel  by  the  method 
of  reaction  of  olivine  and  basic  plagioclase  with  liquid  of  non-extreme 
(basaltic)  composition.  This  spinel  may  be  assumed  to  carry  some  chro- 
mium. Spinel  so  developed  is,  as  we  have  pointed  out,  a  transient  phase. 
When  the  mass  cools  the  reaction  is  reversed,  the  liquid  reacts  with  the 
spinel,  producing  basic  plagioclase  and  olivine.  But  basic  plagioclase 
and  olivine  are  incapable  of  containing  any  significant  quantity  of 
CrjOg.  Not  until  the  time  of  precipitation  of  monoclinic  pyroxene  does 
a  phase  appear  into  which  Cr^Oy  can  enter  in  important  amounts.  By 
hypothesis  that  stage  has  not  yet  arrived,  so  that,  as  the  reaction  de- 
scribed goes  on,  the  spinel  may  be  pictured  as  continually  losing 
MgO  .  AUOy  with  consequent  enrichment  in  Cr^Og.  According  to  the 
extent  of  the  reaction  picotite  or  chromite  is  formed.  They  too  would 
disappear  later,  by  entering  into  clinopyroxene,  but  in  the  meantime 
further  crystal  fractionation  may  occur  and  the  picotite  or  chromite  may 
be  concentrated  locally,  together  with  olivine  and  other  minerals  of  the 
same  period.  There  may,  therefore,  be  an  inadequate  supply  of  liquid 
to  effect  incorporation  of  the  chromium  into  other  minerals,  and  picotite 
or  chromite  may  persist.  These  chrome  minerals  are  thus  to  be  regarded 
as  released  minerals  of  this  reaction  just  as  magnetite  is  sometimes  a 
released  mineral  of  the  pyroxene-hornblende  reaction. 

It  is  especially  noteworthy  in  this  connection  that  local  richness  of 
spinel  of  adequate  degree  may  bring  about  local  complete  (or  nearly 
complete)  disappearance  of  liquid  during  the  reaction  of  spinel  with 
the  liquid.  Basaltic  liquid  may  be  regarded  as  pyroxene  plus  plagioclase 
plus   olivine.   But  pyroxene   plus   spinel   may  give   only   anorthite   and 

1  J.  H.  L.  Vogt,  Vidensk.  Sehk.  Skr.  I.  Mat.-Naturv.  Kl.,   1924,  pp.  85,  86. 
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olivine  as  may  be  illustrated  roughly  by  an  equation  where  iron  oxides 
are  omitted  for  simplicity: 

CaMgSizOo  +  2MgSi03  +  MgO  .  AI.O3  = 
CaAlsSizOs  +  2Mg2Si04 

The  result  is  that  basaltic  liquid,  reacting  with  spinel  in  appropriate 
quantity,  may  give  only  or  practically  only  plagioclase  and  olivine.  In 
such  a  case  the  CroO.  would  of  necessity  be  thrown  out  in  some  form  and 
its  occurrence  as  picotite  grains  embedded  in  olivine  and  bytownite 
would  seem  likely.  A  mineral  that  is  thus  thrown  out  in  small  amount 
as  a  sort  of  excess  material  in  a  reaction  tends  to  occur  as  small  well- 
formed  crystals.  Magnetite  is  so  found  in  many  rocks  where  it  has  such 
origin  and  it  tends  to  occur  in  clusters  which  are,  as  it  were,  a  sort  of 
pseudomorph  of  the  resorbed  mineral.  Perovskite,  too,  may  so  occur  when 
formed  in  a  similar  manner  in  alnoite.  The  tendency  of  chromite  to  occur 
in  clusters  may  be  due  to  similar  causes  and  not  to  a  "swimming  to- 
gether" as  Vogt  has  supposed. 

The  varying  aspects  of  the  spinel  reaction  may  thus  be  summarized 
in  order.  Spinel  may  be  formed  by  the  reaction  of  liquid  with  anorthite 
and  olivine  (rising  temperature).  When  so  formed  it  is  ordinary  spinel 
and  may  persist  as  such  as  a  result  of  failure  of  the  reverse  reaction. 
The  reverse  reaction  may  take  place  with  falling  temperature  giving, 
locally,  basic  plagioclase  with  olivine  and  a  chrome-rich  spinellid.  With 
further  opportunity  for  reaction  the  chrome  spinellid  may  disappear  by 
incorporation  in  a  notably  chromiferous  clinopyroxene.  Finally,  with 
perfect  redistribution  of  products  and  unlimited  opportunity  for  reac- 
tion— an  unlikely  case — the  result  would  be  the  same  as  if  spinel  had 
never  formed  and  the  Cr.O.,  would  occur  generally  distributed  as  a 
minute  proportion  of  the  whole  mass,  presumably  in  the  pyroxene. 
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INTRODUCTION 

IT  IS  well  known  that  all  magmas  contain  volatile  constituents.  The 
most  abundant  of  these  is  undoubtedly  water,  with  carbon  dioxide, 
chlorine,  fluorine  and  others  probably  always  present  in  small 
amounts.  The  influence  of  any  such  substance  upon  the  properties  of  a 
silicate  melt  is  unquestionably  greater  than  that  of  a  corresponding 
quantity  of  any  of  the  ordinary  rock-forming  oxides.  This  fact  does 
not,  however,  justify  the  attitude  that  a  great  many  petrologists  have 
towards  the  volatile  components.  The  properties  of  many  "dry"  melts 
have  been  determined  in  the  laboratory.  The  majority  of  petrologists 
accept  these  determinations  and  are  willing  to  believe  that  the  addition 
of  small  quantities  of  any  ordinary  oxide  to  these  melts  would  modify 
these  properties  a  moderate  amount,  but  let  there  be  a  spectroscopic  trace 
of  a  volatile  component  and  the  liquid  is  assumed  to  acquire  properties 
wholly  unrelated  to  those  of  a  "dry"  melt.  To  many  petrologists  a  vola- 
tile component  is  exactly  like  a  Maxwell  demon;  it  does  just  what  one 
may  wish  it  to  do.  The  facts  are  that  volatile  components  in  small 
amounts  can  only  modify  the  characters  appropriate  to  the  dry  melt  and 
the  modification  must  be  progressive,  a  very  small  amount  producing 
a  proportionately  small  effect.  This  question  will  be  considered  in  greater 
detail  with  the  aid  of  diagrams.  I  have  profited  much  from  the  writings 
of  Morey  and  of  Niggli  on  the  subject  of  volatile  components  and  am 
especially  indebted  to  my  colleague  Morey  for  much  helpful  discussion 
of  the  factors  involved. 

SYSTEMS   WITH   WATER 

Many  binary  systems  consisting  of  a  certain  compound  with  water 
have  been  completely  studied  throughout  the  range  of  compositions  from 
pure  water  to  the  pure  compound.  As  a  particularly  simple  example 
we  may  note  the  system  NH^NO^-HoO,  of  which  the  equilibrium  dia- 
gram is  given  in  Fig.  72,  With  the  exception  of  the  minor  complications 
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introduced  by  the  fact  that  NH^NOg  occurs  in  several  crystalline  forms, 
it  is  an  ordinary  eutectic  diagram,  the  melting-point  curves  of  water 
and  of  NH4NO3  meeting  at  the  eutectic  at  about  —  20°  C.^  This  system 


90  yoNH^NOj 


Fig.  72.     Equilibrium  diagram  (temperature,  composition)  of  ammonium  nitrate- 
water  (after  Millican,  Joseph,  and  Lowry). 


is  particularly  simple  because  the  pressure  (of  water  vapor)  never  rises 
above  a  value  which  permits  investigation  in  an  open  vessel.  Even 
though  the  temperatures  of  fusion  of  those  mixtures  rich  in  NH^NO, 
is  well  above  the  boiling  point  of  water,  the  pressure  of  water  vapor  in 
equilibrium  with  these  solutions  (melts)  is  always  well  below  one 
atmosphere,  a  fact  which  is  emphasized  by  the  p^'essure-temperature 
curve  of  saturated  solutions"  (Fig.  73).  The  curve  has  a  characteristic 
shape.  The  pressure  rises  with  increase  of  temperature  but  this  effect  is 
finally  overbalanced  by  the  decreasing  concentration  of  water  so  that 
the  curve  passes  through  a  pressure  maximum  and  falls  to  zero  at  the 

1  Millican,  Joseph  and  Lowry,  Jour.  Cliem.  Soc.  Lend.,  121,   1922,  p.  959. 

2  Prideaux  and  Caven,  Jour.  Soc.  Chem.  Ind.,  38,  353  T,  igig. 
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melting  point  of  the  anhydrous  substance.  The  maximum  is  in  this  case 
at  less  than  j/2  atmosphere. 


TEMPERATURE   "C 


Fig.  73.     Pressure-temperature  diagram  of  the  system,  ammonium  nitrate-water 
(after  Prideaux  and  Caven). 

Solutions  exhibiting  such  low  pressures  are  to  be  obtained  only  with 
very  soluble  compounds.  For  most  substances  the  pressure  of  solutions 
saturated  at  the  higher  temperatures  rises  to  one  atmosphere  and  the 
solution  boils.  Investigation  of  solutions  of  higher  concentration  must  be 
carried  on  in  a  closed  container  capable  of  withstanding  the  pressures 
developed,  but  with  such  a  provision  it  may  be  possible  to  determine  the 
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Fig.  74.     Temperature-concentration  diagram  of  tlie  system,  silver  nitrate-water. 

solubility  (or  melting)  curve  throughout  all  compositions.  A  simple 
example  is  afforded  by  AgNO.^  which  shows  a  eutectic  with  water  at  —  7° 
(Fig.  74).^  Since  the  pressure  rises  above  one  atmosphere  in  certain  con- 
centrations, part  of  the  investigation  must  be  carried  on  in   a  closed 

1  Landolt-Bornstein  Tabellen. 
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vessel.  In  this  case,  as  a  result  of  the  high  solubility  and  low  melting 
point  of  AgNOg,  the  maximum  pressure  is  only  about  1  1/3  atmospheres.^ 
(Fig.  75.)  There  is  obviously  no  difference  in  principle  between  the  case 


E     400   - 


TEMPERATURE  "C 

Fig.  75.     Pressure-temperature  diagram  of  the  system,  silver  nitrate-water. 

of  AgNOg  and  that  of  NH^NO.,.  It  merely  happens  that  the  atmospheric 
pressure  is  such  that  a  certain  difference  of  experimental  procedure  is 
necessary. 

The  phenomenon  of  the  "second  boiling-point"  would  be  shown  by 
saturated  AgNOg  solutions  at  1  atmosphere  pressure.  If  a  line  is  drawn 
on  the  p.t.  diagram  (Fig.  75)  at  a  pressure  of  1  atmosphere  it  cuts 
the  vapor  pressure  curve  at  two  points,  the  one  at  131°,  which  is  the 
first  boiling  point,  and  the  other  at  191°,  which  is  the  second  boiling 
point.  The  second  boiling  point  is  observed  on  cooling  in  the  open  air, 
from,  say,  200°,  a  molten  charge  of  AgNO^  containing  a  little  water.  As 
it  cools  AgNO.,  separates  as  crystals  and  the  pressure  rises  until  at 
191°  the  pressure  attains  one  atmosphere,  whereupon  the  liquid  boils. 
The  temperature  remains  constant,  boiling  away  of  the  water  and  crys- 
tallization of  AgNO.,  taking  place,  until  both  actions  are  complete.  It  is 
plain  that  the  second  boiling  point,  like  the  first,  is  defined  only  when 
the  pressure  is  stated. 

1  Roozeboom,  Die  heterogenen  Gleichyewichte,  II,  I,  1904,  p.  352. 
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When  we  pass  on  to  substances  of  lower  solubility  and  higher  melt- 
ing point,  among  which  substances  are  the  silicates,  the  same  type  of 
equilibrium  diagram  may  be  found  in  some  cases.  Morey  and  Fenner 
have  investigated  potassium  silicates  with  water  and  their  results  will 
now  be  considered.^  Since  the  silicate  compounds  studied  have  high 
melting  points,  the  pressures  obtained  in  some  saturated  solutions  rise 
to  quite  high  values  so  that  closed  containers  of  great  strength  (steel 
bombs)  were  necessary  for  their  investigation.  The  equilibrium  dia- 
grams for  the  binary  systems  of  H.O  with  K^SiO.;  and  with  K^Si^Oj  are 
shown  in  Fig.  76.  They  are  the  same  general  type  as  the  diagrams  for 
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Fig.  76.     Temperature-concentration  diagrams  of  the  systems,  H^O-KsSiOa 
and  H^O-KsSIsOd. 


the  nitrates  already  given,  except  that  each  of  these  silicates  forms  one 
or  more  compounds  (of  incongruent  melting  points)  with  water.  Apart 

1  G.   W.    Morey    and    C.    N.    Fenner,    "The   Ternary   System    HsO-KiSiOa-SiOi,"    Jour.    Amer.    Chem. 
Soc,  39,   1917.   P-   1173. 
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from  these  complications  water  lowers  the  meltnig  point  of  these  silicates 
in  a  progressive  manner  just  as  it  does  the  melting  points  of  the 
nitrates.  The  pressure-temperature  diagrams  for  these  silicates  (Fig. 
77)    are  only  slightly   more  complicated  than  the  corresponding  dia- 
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Fig.  77.     Pressure-temperature  diagrams  of  the  systems,  H20-K2Si03 
and  HiO-KaSijOs. 

grams  for  the  nitrates,  the  complications  again  being  due  to  the  forma- 
tion of  these  compounds,  so  that  there  is  more  than  one  pressure 
maximum.  It  will  be  noted  that  the  maximum  pressure  of  solutions 
saturated  with  KsSigO,,  is  about  75  atmospheres.  This  obtains  at  a 
temperature  of  about  600°  and  over  solutions  containing  about  8  weight 
per  cent  HoO. 

The  phenomenon  of  the  second  boiling  point  would  be  shown  by 
saturated  K.SioOg  solutions  under  any  external  pressure  less  than  75 
atmospheres.  Thus  if  one  had  a  solution  (melt)  of  KjSigO,  containing, 
say,  one  per  cent  H^O  and  under  an  external  pressure  of  50  atmospheres 
and  if  this  melt  were  cooled,  crystallization  of  KoSi^Oj  would  begin  at 
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about  1020°.  With  furtlier  cooling  and  crystallization  the  pressure 
would  rise  until  at  about  800°  it  would  reach  ?o  atmospheres  and  the 
melt,  which  now  contains  about  5  per  cent  HoO,  would  boil.  Upon 
further  abstraction  of  heat  the  temperature  would  remain  constant,  with 
crystallization  of  KoSioO.,  and  evolution  of  water  vapor  until  complete 
crystallization  and  dehydration  had  occurred.  On  the  other  hand,  if  the 
external  pressure  had  been  more  than  7^  atmospheres  progressive  cool- 
ing would  occur  with  continued  crystallization  of  KoSloO,  and  enrich- 
ment of  the  residual  liquid  in  water.  We  may  state  this  in  terms  of 
geological  environment.  If  the  melt  pictured  were  cooled  under  a  cover 
of  about  600  feet  of  rock  it  would  crystallize  in  the  ordinary  way  until 
a  temperature  of  about  800°,  whereupon  vesiculation  would  occur  and 
crystallization  would  then  proceed  to  completion  as  a  result  of  loss  of 
water  as  gas  without  further  cooling.  After  final  crystallization  the 
mass  would  then  cool  to  the  temperature  of  its  surroundings.  On  the 
other  hand,  if  the  melt  were  cooled  under  a  rock  cover  of  looo  feet  or 
more  it  would  crystallize  gradually  as  cooling  proceeded,  the  pressure 
rising  at  first  and  then  falling  off  even  though  the  concentration  of 
w^ater  in  the  liquid  increases  continually.  When  it  reached  the  tempera- 
ture of  its  surroundings  at,  say,  100°,  the  residual  liquid  would  be 
simply  a  hot  aqueous  solution  exerting  a  moderate  pressure  and  capable 
of  escaping  into  surrounding  rocks  as  such,  i.e.,  as  a  liquid.^ 

A  fact  of  interest  may  be  noted  in  connection  with  the  first  case 
described,  viz.,  that  in  which  cooling  took  place  under  600  feet  of  rock. 
If  in  any  way  the  mass  w^as  able  to  expand  its  chamber  during  the  stage 
of  vesiculation  and  the  water  vapor,  instead  of  escaping,  remained  dis- 
seminated through  the  porous  crystalline  mass,  then  when  this  mass 
reached  a  temperature  of  4?o°,  the  external  pressure  being  still  the 
weight  of  600  feet  of  rock,  some  of  the  crystalline  KoSijO-  would 
remelt  fredissolve)  and  form  with  the  water  vapor  a  liquid  containing 
approximately  10  per  cent  H.,0.  This  action  would  continue  at  constant 
temperature  until  all  the  water  vapor  dissolved,  an  appropriate  amount 
of  KoSijO.,  melting  simultaneously.  Further  cooling  and  crystallization 
would  then  occur  in  exactly  the  same  manner  as  in  the  case  where  the 
water  remained  in  solution  throughout  the  whole  process. 

Of  the  magnitude  of  the  lowering  of  the  melting  point  of  these  sili- 
cates it  is  perhaps  well  to  make  a  note.  In  each  case  10  per  cent  water 
induces  a  lowering  of  somewhat  more  than  500° »  ^^  average  of  about 
50°  for  each  unit  per  cent  of  water.  It  is  a  notable  effect  but  it  is  not 
miraculous.  The  melting  point  of  albite   is   not  significantly  different 

1  In  making  this  statement  we  are  assuminR  that  the  liquid  is  incapable  of  reacting  freely  witl 
the  crystalline  K-.Si.;0-.  as  a  result,  say,  nf  the  formation  of  narrow  reaction  rims  ot 
^;Si;Or,  .  H2O.  If  complete  equilibrium  occurred  the  liquid  would  be  entirely  used  up  at  420° 
and  the  whole  mass  would  consist  of  the  crystalline  hydrate  K:Si;0;  .  H2O. 
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from  that  of  K^SioOg  and  if  one  were  called  on  to  make  an  estimate, 
on  the  basis  of  present  knowledge,  of  the  amount  of  lowering  of  the 
melting  temperature  of  albite  (or  orthoclase)  by  water,  a  figure  of  the 
same  order  would  be  a  natural  choice.  Thus  it  seems  likely  that  a  lower- 
ing of  100°  in  the  melting  temperature  of  alkaline  feldspars  would 
require  perhaps  2  per  cent  H^O  in  the  melt.  The  pressure  required  to 
hold  such  a  quantity  of  water  in  the  melt  would  probably  be  much 
higher  in  the  case  of  the  feldspar  melts  than  in  the  case  of  the  melts 
of  the  more  soluble  alkaline  silicates.  Indeed,  all  the  common  rock- 
forming  silicates  are  so  insoluble  in  water  that  critical  phenomena  in 
saturated  solutions  would  probably  be  shown  in  the  binary  systems 
of  any  one  of  these  with  water  and  it  will  be  necessary  now  to  consider 
such  modification  of  the  relations  as  may  be  introduced  in  such  circum- 
stances. 

In  all  of  the  systems  hitherto  considered  the  solubility  of  the  sub- 
stances in  water  at  the  critical  temperature  of  pure  water  has  been 
sufficiently  great  that  the  critical  temperature  of  the  solution  is  raised 
to  a  value  well  above  that  at  which  any  crystallization  occurs.  Critical 
phenomena  are,  therefore,  shown  only  in  unsaturated  solutions  at  tem- 
peratures well  above  those  at  which  any  crystallization  (saturation) 
occurs.  A  general  diagram  which  shows  the  composition  of  the  gas  phase 
as  well  as  the  other  phases  has,  for  such  pairs  of  substances,  the  form 
of  Fig.  78.  In  this  figure  there  is  a  critical  curve  Ka-Kb  which  joins  the 
critical  temperatures  of  the  two  substances  and  all  parts  of  it  lie  above 
the  saturation  or  melting  curves.  The  rest  of  the  diagram  is  an  ordinary 
eutectic  diagram  such  as  we  have  been  considering,  with  the  composition 
of  the  vapor  phase  shown  in  addition.  Thus  the  curve  BsEo  is  the  melting 
point  curve  of  solid  B,  and  A^Eo  is  the  melting  point  curve  of  solid  A, 
which  curves  meet  at  the  eutectic  E,.  The  curve  AgE^  gives  the  composi- 
tion of  the  vapor  phase  in  equilibrium  with  the  solid  A  and  the  liquids 
AsEg.  The  curve  BgE^  gives  the  composition  of  the  vapor  phase  in  equi- 
librium with  solid  B  and  the  liquids  BsE,.  It  will  be  noted  that  the  vapor 
is  always  much  richer  in  the  more  volatile  component  A  than  is  the 
liquid.  The  systems  already  considered  are  of  this  type,  the  vapor  con- 
sisting, indeed,  of  practically  pure  water. 

The  corresponding  pressure-temperature  diagram  is  like  the  actual 
pressure-temperature  diagrams  already  given  for  definite  systems  with 
a  critical  curve  added.  It  takes  the  form  of  Fig.  79  where  Ka-Kb  is  the 
critical  curve  lying  entirely  above  the  curve  of  vapor  pressures  of 
saturated  solutions  Sb  +  L  -j-  G.  This  latter  curve  is  of  course  the 
same  type  of  curve  with  a  maximum  that  we  have  already  discussed. 
It  is  plain  that  no  critical  phenomena  will  occur  during  the  crystalliza- 
tion of  mixtures  of  such  a  system. 
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We  pass  now  to  a  consideration  of  systems  of  the  other  type,  viz., 
that  in  which,  by  virtue  of  low  solubility,  critical  phenomena  may 
occur  in  saturated  solutions.  The  diagram  for  this  case  takes  the  form 


Fig.  78.  Ideal  T-X  projection  (after  Morey  and  Niggli)  ;  the  critical  curve  is  not 
intersected  by  the  lines  representing  two-phase  equilibrium  in  coexistence  with 

solid. 

Ka  represents  the  critical  point  of  A  (the  more  volatile  component,  e.g.,  H2O), 
Kh  that  ©f  B  (the  less  volatile  component,  e.g.,  silicate)  ;  the  broken  line  KaKu  the 
critical  curve. 

As  and  Bs  represent  the  melting  points  of  A  and  B,  respectively. 

AsEiBs  gives  the  composition  of  the  vapor  in  coexistence  with  liquid  and  solid ; 
AsEaBs  that  of  the  liquid  in  coexistence  with  the  vapor  represented  by  AsEiBs 
and  with  solid. 


Fig.  79.    ideal  P-T  projection  (after  Morey  and  Niggli)  ;  the  critical  curve  is  not 
intersected  by  the  lines  representing  two-phase  equilibrium  in  coexistence  with 

solid. 
Ka  represents  the  critical  point  of  A,  Kh  that  of  B ;  the  broken  line  KaKb  the 
critical  curve  ;  Bs  the  triple  point  of  B  (melting  point  under  its  own  vapor  pres- 
sure). The  eutectic  relations  at  low  temperatures  are  not  indicated. 
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of  Fig.  80.  The  saturation  curve  of  the  less  volatile  substance  B,  instead 
of  being  a  continuous  curve  passing  from  the  eutectic  to  the  melting 
point  of  B,  is  now  discontinuous,  being  made  up  of  the  two  sections 


Fig.  80.  ideal  T-X  projection  (after  Morey  and  Niggli)  ;  the  critical  curve  is 
intersected  at  Pi  and  at  Qi  by  both  lines  of  two-phase  equilibrium  in  coexistence 

with  solid. 

Ka  represents  the  critical  point  of  A  (the  more  volatile  component,  e.g.,  H2O), 
Kb  that  of  B  (the  less  volatile  component,  e.g.,  silicate)  ;  the  broken  line 
Ka  Pi-QiKb  the  critical  curve ;  Pi  and  Qi  the  critical  end  points. 

As  represents  the  melting  point  of  A,  Bs  that  of  B  ;  the  curves  AsEiPi  and  QiLBs 
give  the  composition  of  the  vapor  in  coexistence  with  liquid  and  solid;  ASE2P1 
and  QiMBs  that  of  liquid  in  coexistence  with  the  above  vapor  and  with  solid. 

Between  Pi  and  Qi  the  only  phase  which  can  coexist  with  solid  is  a  fluid 
(gaseous)  solution. 


EoPi  and  QiBs.  P^  and  Q^  are  the  points  where  the  critical  curve  inter- 
sects the  saturation  curve.  The  curve  P1E2  gives  the  composition  of 
liquids  in  equilibrium  with  solid  B  and  vapor  of  compositions  lying 
along  the  curve  PjE^.  Similarly  BsMQ^  gives  the  composition  of  liquids 
in  equilibrium  with  solid  B  and  vapor  of  compositions  lying  along 
BsLQ^.  In  the  simpler  case  of  Fig.  78  the  vapor  is  always  much  richer 
in  the  more  volatile  component  than  is  the  liquid,  and  this  is  true  in  the 
present  case  except  at  the  two  critical  end  points  P^  and  Q^  where  the 
liquid  and  vapor  in  equilibrium  with  solid  B  become  identical  in  com- 
position and,  indeed,  in  all  properties.  Between  P^  and  Q^  only  one 
phase,  a  fluid  (gas)  phase,  can  exist  in  equilibrium  with  solid  B.  The 
corresponding  pressure-temperature  diagram  has  the  form  of  Fig.  81. 
The  critical  region  between  P  and  Q  has,  of  course,  no  curve  of  invariant 
equilibrium  crossing  it. 
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It  would  be  profitless  for  our  present  purpose  to  discuss  all  the  possi- 
ble complications  of  a  system  of  this  type.  It  is  sufficient  to  point  out 
that,  in  the  cooling  of  any  liquid  mixture  initially  rich  in  the  less  vola- 


FiG.  81.  Ideal  P-T  projection  (after  Morey  and  Niggli)  ;  the  critical  curve  is 
intersected  at  P  and  Q  by  the  two-phase  lines  in  coexistence  with  solid. 

Ka  represents  the  critical  point  of  A,  Kb  that  of  B ;  the  broken  line  K.a  P-QKh 
the  critical  curve;  P  and  Q  the  two  critical  end  points;  Bs  the  triple  point  of  B. 

Between  P  and  Q  only  fluid  (gaseous)  solutions  are  stable  in  coexistence  with 
solid;  the  eutectic  relations  at  low  temperatures  are  not  indicated. 

tile  component,  there  will  always  be  a  period  during  which  the  system 
consists  of  solid  and  gas  without  liquid.  The  gas  may  show  an  indefinite 
degree  of  approach  to  the  liquids  in  composition  and  properties  and  if 
conditions  are  such  that  the  critical  end-points  are  attained  the  gas 
(fluid)  phase  becomes  identical  with  the  liquid.  It  is  necessary,  how- 
ever, to  bear  in  mind  the  position  which  these  critical  end-points  would 
occupy  in  a  binary  system  of  components  showing  such  enormous  con- 
trast of  properties  as  water  and  silicate.  Since  the  silicate  will  ordinarily 
be  but  very  sparingly  soluble  in  water  at  its  critical  temperature  the  first 
critical  end-point  Pj  must  lie  at  a  temperature  and  pressure  but  little 
above  the  critical  temperature  and  pressure  of  pure  water  and  at  a  com- 
position but  little  removed  from  pure  water.  The  second  critical  end- 
point  Qi  must  also  lie  at  compositions  very  rich  in  water.  For  all  prac- 
tical purposes  connected  with  the  crystallization  of  a  deep-seated  mass 
(high  external  pressure)  the  melting  point  curve  of  B  (BsMQj,  Fig.  80) 
is  not  different  from  the  simpler  case  of  Fig.  78  where  the  melting  point 
curve  merely  falls  continuously  to  the  eutectic.  Only  when  the  liquid  has 
attained  a  composition  such  that  the  concentration  of  water  is  many 
times  that  of  silicate  may  critical  phenomena  be  expected  even  in  those 
cases  most  favorable  for  their  development.  The  main  course  of  crystal- 
lization of  a  molten  silicate  containing  a  little  water  will  therefore  be 
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the  same  whether  the  system  be  of  the  type  of  Fig.  78  or  of  Fig,  80.  The 
only  difference  will  come  at  a  very  late  stage  when  the  residual  liquid 
is  a  dilute  aqueous  solution.  At  this  stage  critical  phenomena  may  occur 
in  the  one  type.  But  throughout  the  whole  course  of  crystallization  the 
gas  phase,  if  any  is  formed,  must  be  very  rich  in  the  more  volatile 
substance  and  very  poor  in  the  less  volatile  substance. 

Now,  while  it  is  probably  true  of  most  rock-forming  silicates  that 
they  would  form,  with  water,  a  binary  system  of  the  second  type,  in  so 
far  as  the  system  remained  binary,  it  is  not  probable  that  a  molten  mix- 
ture of  silicates  containing  a  small  amount  of  a  mixture  of  volatile 
components  would  behave  in  a  similar  manner.  In  such  a  complex  melt, 
and  natural  magmas  are  such,  the  progressive  crystallization  of  silicates 
would  lead  to  continual  concentration  of  the  volatile  components  in  the 
residual  liquor  until  a  stage  came  when  there  would  be  a  noteworthy 
concentration  of  comparatively  soluble  compounds  formed  by  what 
may  be  termed  a  decomposition  of  the  silicates.  This  decomposition 
would  be  the  result  of  the  action  of  HgO,  CO2,  CI,  F,  etc.,  on  the  silicate 
compounds,  and  the  soluble  hydrates,  carbonates,  chlorides,  etc.  formed 
would  probably  be  adequate  to  eliminate  critical  phenomena  altogether. 
It  is  doubtful,  therefore,  whether  the  complex  systems  constituted  by 
magmas  are  such  as  to  permit  the  existence  of  critical  phenomena.  In 
any  case  it  is  certain  that  if  critical  phenomena  occur  at  all  they  occur 
at  a  stage  where  the  liquid  is  to  be  described  as  an  aqueous  solution 
rather  than  a  magma  and  that  in  the  general  problem  of  the  differentia- 
tion of  igneous  rocks  critical  phenomena  need  not  be  considered,  even 
though  it  is  not  impossible  that  they  may  have  a  place  in  the  problem  of 
vein-forming  solutions.  This  does  not  mean,  of  course,  that  gas  can  not 
form  at  some  stage  of  the  crystallization  process.  It  may,  indeed,  form 
copiously  at  any  stage  if  the  external  pressure  be  adequately  reduced, 
say,  by  injection  of  the  mass  into  a  position  where  it  has  but  a  moderate 
cover.  All  the  information  we  have  on  the  subject  would  lead  us  to 
believe  that  the  proportion  of  what  we  may  term  solids  dissolved  in  the 
gas  phase  would  be  very  small.  In  the  slow  crystallization  of  a  deep- 
seated  mass,  there  is  every  reason  to  believe  that  the  dominant  role  of 
the  volatiles  is  the  passive  role  of  becoming  increasingly  concentrated 
in  the  residual  liquid.  With  this  increasing  concentration  goes  hand  in 
hand,  of  course,  an  increasing  effect  on  the  properties  of  the  residual 
liquid. 

GASEOUS  TR^\NSFER 

An  action  frequently  appealed  to  in  present-day  writings  as  a  cause  of 
differentiation  of  Igneous  rocks  Is  gaseous  transfer.  Most  petrologlsts 
leave  one  very  much  in  the  dark  as  to  what  they  mean  by  the  terms. 
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Fenner  has,  however,  recently  advocated  a  process  of  gaseous  transfer 
as  the  principal  factor  in  igneous  differentiation,  listing  it  before  all 
others,  and  giving  a  more  definite  picture  of  the  process.  He  therefore 
offers  something  concrete  for  discussion  in  his  process  of  a  streaming 
through  of  gas  bubbles  which  brings  about  differential  transfer  of  mate- 
rials.^ That  gases  as  such,  that  is  as  definite  bubbles,  do  stream  through 
magmas  when  the  magma  body  is  open  to  the  air  is  well  known  and  that 
a  differential  transfer  of  material  is  effected  by  the  gas  is  indubitable. 
From  his  own  experience  and  from  the  literature  Fenner  offers  many 
examples  of  sublimates  formed  by  this  differential  transfer.-  It  is,  how- 
ever, scarcely  to  be  questioned  that  surface  lavas  and  volcanic  conduits 
are  at  best  very  unimportant  seats  of  igneous  differentiation.  If  this 
bubbling  through  of  gases  is  to  be  the  principal  factor  in  igneous  differ- 
entiation it  must  occur  in  deep-seated  bodies.  Vesiculation  should  be  a 
common  condition,  perhaps  the  normal  condition,  of  deep-seated  masses. 
It  might,  of  course,  be  transient,  but  deep  bodies  have  sent  dikes  into 
surrounding  rocks  at  all  stages  of  their  careers  and  these  dikes  are 
often,  at  least  at  their  margins,  aphanitic  to  glassy.  They  have  thus 
crystallized  so  rapidly  that  if  the  liquid  were  vesicular  the  aphanite 
would  be  vesicular  also.  Yet  vesicular  dikes  or  dike  selvages  are  exceed- 
ingly rare  and  are  apparently  always  found  in  association  with  flows 
which  indicate  for  them  a  shallow  depth.  Besides  this  definite  evidence 
from  rocks  themselves  of  normal  lack  of  vesiculation  of  magmas  in 
depth,  certain  theoretical  considerations  have  been  brought  to  bear  on 
the  problem.  Shepherd  and  Merwin  have  calculated,  with  the  aid  of 
certain  assumptions  as  to  saturation  that  can  not  be  far  wrong,  that  it 
would  require  very  great  quantities  of  volatiles  in  a  magma  to  produce 
vesiculation  at  any  considerable  depth. ^  It  is  very  much  to  be  doubted, 
therefore,  that  any  process  which  involves  vesiculation  can  be  the  prin- 
cipal or  even  an  important  factor  in  igneous  differentiation.  But  even 
on  the  supposition  that  vesiculation  is  a  common  condition  in  deep-seated 
magma  and  that  for  some  reason  the  evidence  of  this  condition  is  con- 
cealed from  us,  the  quantitative  adequacy  of  the  process  is  seriously 
in  question.  We  have  already  seen  that  the  concentration  of  "solids" 
in  the  gas  phase  must  be  small.  The  actual  proportion  of  volatile  sub- 
stances in  magmas  is  itself  small.  If  any  part  of  an  igneous  mass  is  to 
be  endowed,  by  differential  gas-bubble  transfer,  with  an  oxide  composi- 
tion notably  different  (say  as  different  as  granophyre  is  from  diabase) 
the  proportion  of  the  mass  so  endowed  could  not  be  more  than  a  fraction 
of  one  per  cent  of  the  total.  Such  quantities  are  certainly  not  adequate 
to  explain  the  ascertained  facts. 

1  C.   N.  Fenner,  Jour.  GeoL,  34.  '926.  pp.  743-4- 

a  op.  cit.,  pp.  7i8-45- 

3  Shepherd  and  Merwin,  lour.  GeoL,  35,  1927.  PP-   114-15. 
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There  is  another  form  of  so-called  gaseous  transfer  that  appears  to 
be  in  the  minds  of  many  petrologists.  Strictly  speaking  it  is  not  gaseous 
transfer  at  all  but  is  a  supposed  differential  transfer  taking  place 
through  the  intervention  of  the  volatile  components  without  any  actual 
separation  of  these  as  gas.  There  is  a  continual  tendency  towards  an 
escape  of  volatile  components  into  the  more  or  less  porous  surround- 
ing rocks.  They  carry  at  least  some  "solids"  with  them  and  these  may  be 
deposited  in  surrounding  rocks.  But  the  innumerable,  well-established 
cases  in  which  igneous  masses  have  introduced  great  quantities  of  mate- 
rial into  adjacent  rocks  can  scarcely  be  accepted  as  proof  that  the 
introduction  was  effected  principally  in  this  manner,  and  especially  at 
this  stage.  The  loss  of  the  volatiles  and  their  load  from  border  portions 
of  the  magma  would  set  up  a  flow  of  these  materials  from  central  por- 
tions. But,  all  being  in  the  liquid  phase,  this  flow  must  be  merely  a 
diffusion,  and  diffusion  through  significant  distances  is  an  excessively 
slow  process.  Nor  can  appeal  be  made  to  unlimited  time  for,  slow  though 
the  cooling  of  a  large  mass  of  magma  must  be,  the  rate  of  diffusion  of 
heat  is  many  times  the  rate  of  diffusion  of  substance. 

But  even  if  we  admit  for  volatiles  a  miraculous  rate  of  diffusion 
through  the  liquid  and  suppose  that  at  the  stage  of  complete  liquidity 
the  principal  introduction  of  material  into  surrounding  rocks  occurs, 
the  next  step  in  the  reasoning  is  decidedly  difficult  to  accept.  It  is  the 
supposition  that  notable  differentiation  of  the  liquid  igneous  mass 
would  accompany  this  action.  There  would  be  an  undoubted  flow  of  the 
volatiles  towards  border  portions,  but  this  flow  would  be  a  consequence 
of  impoverishment  of  the  borders  by  escape  into  surrounding  rocks.  It 
would  continue  only  so  long  as  this  condition  persisted  and  if  the  action 
were  interrupted  at  any  stage  we  should  find  the  borders  poor  in  the 
moving  materials  as  compared  with  central  portions.  Yet  it  has  sometimes 
been  contended  that  this  diffusion  towards  the  border  of  an  entirely 
liquid  mass  accounts  for  certain  border  facies  which,  in  their  type  of 
crystallization  or  their  mineral  content,  give  evidence  of  special  richness 
in  mineralizers.  Plainly  the  hypothesis  encounters  insuperable  difficul- 
ties at  every  turn. 

The  alternative  picture  is  one  in  which  there  is  only  a  very  limited 
escape  of  volatiles  into  surrounding  rocks  at  the  stage  when  the  magma 
is  completely  or  almost  completely  liquid.  As  crystallization  proceeds 
there  is  a  building-up  of  the  concentration  of  volatiles  in  the  residual 
liquid.  The  growth  of  crystals  involves  diffusion  through  moderate  dis- 
tances, but  relative  movement  of  crystals  and  residual  liquid,  whether 
by  gravity  or  by  deformation  of  the  mass,  may  bring  about  a  transpor- 
tation of  the  volatiles  dissolved  in  the  liquid  through  great  distances. 
In  this  manner  a  mass  might  come  to  give  evidence  of  special  richness 
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of  volatiles  in  its  outer  and  upper  portions.  It  is  a  case  of  silicate  trans- 
fer of  the  volatiles.  And  when  the  mass  approaches  complete  crystalliza- 
tion there  is  a  long  period  of  very  slow  cooling  during  which  escape 
of  the  relatively  concentrated  aqueous  residues  into  the  pores  and 
channels  of  surrounding  rocks  may  occur.  This  would  appear,  on  gen- 
eral grounds,  to  be  the  promising  period  for  notable  introduction  of 
material  into  surrounding  rocks.  It  is  the  period,  too,  to  which  those 
who  have  studied  them  most  have  assigned  the  principal  examples  of 
contact  metasomatism. 

Whatever  may  be  the  appropriate  designation  of  the  transfer  of  sub- 
stance in  adjacent  rocks,  the  principal  action  in  which  volatiles  are 
involved  in  the  igneous  mass  itself  is  silicate  transfer  of  the  volatiles, 
a  direct  and  indirect  consequence  of  the  progress  of  crystallization. 

PROPORTIONS   OF   THE    VOLATILE   CONSTITUENTS   AND   THE    PROBABLE 
EFFECTS    OF    SUCH    PROPORTIONS 

In  many  analyses  of  rocks  only  the  one  volatile  constituent  has  been 
determined.  This  is,  of  course,  water.  Lack  of  detailed  information  of 
the  quantities  of  all  the  volatiles  is,  however,  not  a  serious  matter  for 
our  present  purpose.  It  is  generally  accepted  that  water  is  the  principal 
volatile.  Shepherd  has  studied  the  gases  of  rocks  by  heating  them  to 
high  temperatures  in  vacuo  and  then  separating  the  various  gases.  Of 
their  proportions  he  says:  "Regardless  of  origin,  the  volatiles  which 
can  be  obtained  from  lavas  seem  to  agree  upon  one  thing,  and  that  is 
that  the  water  content  shall  be  about  80  per  cent  of  the  total.  There  are 
exceptions,  of  course,  but  for  active  lava  the  figure  seems  quite  gen- 
eral."^ The  determination  of  water  may,  therefore,  be  taken  as  a  suffi- 
cient indication  of  the  quantity  of  volatiles.  It  is  commonly  assumed  that 
crystalline  rocks  have  lost  the  greater  proportion  of  these  substances 
in  the  act  of  crystallization  and  in  many  examples  this  is  probably  true. 
We  may  turn  to  glassy  rocks  with  some  hope  of  finding  an  approach  to 
the  maximum  quantity  of  water.  In  many  cases  these,  too,  may  be  im- 
poverished but  in  others  there  are  indications  that  nearly  all  the 
volatiles  must  have  been  retained.  There  are,  for  example,  many  occur- 
rences in  which  the  top  of  a  glassy  flow  is  coarsely  vesicular.  This  passes 
downward  into  material  with  fine  vesicles,  which  in  turn  gives  place 
to  non-vesicular  lava.  The  obsidian  of  Obsidian  Cliff  in  the  Yellow- 
stone Park  furnishes  an  example.  There  appears  to  be  adequate  reason 
for  assuming  that  the  compact  obsidian  still  retains  all  the  volatiles  it 
had  when  it  arrived  at  the  surface.  The  actual  amount  is  less  than  1  per 
cent.  It  is  hardly  possible  to  escape  the  conclusion  that  many  deeper- 
seated   rocks   of   like   composition    crystallized    in    the   presence   of   no 

1  E.  S.  Shepherd,    Bull.  61,  National  Research  Council,  p.  260. 
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greater  original  quantity  of  volatiles.  Yet  the  fact  that  this  mass  is 
found  at  the  surface  might  be  regarded  as  Indicating  that  it  had  occu- 
pied a  near-surface  position  for  some  time  and  there  lost  much  of  its 
volatiles.  Nevertheless,  the  non-vesicular  condition  of  the  lower  portions 
of  the  flow  shows  that  the  mass  was  non-vesicular  when  it  reached 
the  surface  and  could  not  have  been  losing  gas  by  vesiculation  in  any 
postulated  near-surface  position.  Diffusion  through  the  mass  and  into 
the  surroundings  thus  offers  the  only  means  of  escape  of  volatiles  while 
it  occupied  this  supposed  position  and  this  action  is  too  slow,  relative 
to  rate  of  cooling,  to  account  for  notable  losses.  It  therefore  seems  safe 
to  accept  the  conclusion  that  the  compact  obsidian  referred  to  contains 
practically  all  the  volatiles  that  were  ever  contained  in  the  magma 
from  which  it  formed.  The  same  conclusion  can  probably  be  drawn 
from  many  other  compact  obsidians  and  the  general  conclusion  is 
strengthened  that  many  granitic  rocks  have  crystallized  in  the  presence 
of  no  greater  original  quantity  of  volatiles  than  is  shown  in  the  analysis 
of  many  obsidians. 

We  are  led  now  to  examine  the  analyses  of  obsidians  in  order  to  see 
what  proportion  of  volatiles  they  commonly  display,  taking  the  deter- 
mined water  as  an  adequate  indication.  Of  44  obsidians  (or  equiva- 
lents such  as  rhyolite  glass)  in  Washington's  Tables  of  1917,  the  first 
seven  in  point  of  content  of  water  show  that  constituent  in  the  following 
quantities  in  weight  per  cent:  8.7,  7.2,  6.5,  5.1,  3.8,  2.4,  2.2.  Six  contain 
between  1  and  2  per  cent  and  the  rest  contain  less  than  1  per  cent.  The 
few  with  high  values  and  the  rare  rocks  known  as  pitchstones,  some  of 
which  contain  even  greater  amounts  of  water,  demonstrate  the  existence 
of  liquids  of  a  granitic  character  with  such  quantities  of  water.  But 
the  great  preponderance  of  glasses  with  much  lower  quantities,  viewed 
in  the  light  of  the  limitations  that  are  imposed  on  the  loss  of  volatiles 
from  an  entirely  liquid  mass,  indicates  that  the  normal  water  content 
of  granitic  magmas  is  much  less. 

The  salic  magmas  have  been  dealt  with  in  the  above  discussion  because 
it  is  generally  believed  that,  with  the  possible  exception  of  some  alkaline 
magmas,  they  contain  the  highest  amounts  of  volatiles.  The  evidence  of 
this  fact  is  derived  principally  from  the  more  notable  effects  of  such 
magmas  in  the  introduction  of  materials  into  surrounding  rocks.  It  is 
probable,  therefore,  that  most  magmas  normally  contain  much  less 
water  and  other  volatiles  than  those  moderate  amounts  we  have  found 
reason  to  believe  are  normally  present  in  granitic  magma. 

The  hypothesis  of  fractional  crystallization  as  here  conceived  leads 
to  belief  in  the  derivation  of  granitic  magma  as  a  late  crystallization 
from  more  basic,  probably  basaltic,  magma  when  that  crystallization 
has  been  adequately  fractional.  Granitic  magma  so  derived  would  be  the 
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natural  home  of  a  relatively  high  concentration  of  volatiles,  their  pro- 
portion in  the  liquid  being  ordinarily  increased  continually  as  crystal- 
lization proceeds.  Their  abundance  in  granite  is  thus  the  result,  not  of 
some  mysterious  process  of  gaseous   transfer  of  silicates,  but  of  the 
simple  process  of  silicate  transfer  of  the   volatiles,  a  melt  of  general 
granitic   composition,    i.e.,    rich    in    alkaline   feldspars    and    free    silica, 
being  the  natural  residue  of  appropriate  fractional  crystallization  even 
of  a  dry  melt  of  the  general  composition  of  basaltic  magma.  On  account 
of  the  well-demonstrated   properties  of  the  plagioclase   solid  solution 
series  petrologists  have  not,  in  general,  found  it  difficult  to  believe  that 
the  course  of  crystallization  would  be  such  as  to  lead  to  enrichment  of 
alkaline  feldspars  in  the  residuum.  Some  have,  however,  expressed  the 
opinion  that  free  silica  is  not  naturally  to  be  expected  in  the  low  melting 
residuum,  pointing  to   its   high    melting-temperature   as   a   reason   for 
their  opinion  and  suggesting  that  volatile  constituents  account  in  some 
manner  for  its  presence  in  this  residuum.^  The  facts  are  that,  in  spite 
of  the  high  melting-point  of  silica,  every   dry  system   investigated  in 
which  SiOo  is  one  of  the  components,  whether  the  system  is  binary,  ter- 
nary or  quaternary,  has  shown  free  silica  as  one  of  the  solid  phases  sep- 
arating at  the  lowermost  eutectic.  It  is  true  of  the  binary  systems  of 
SiOo  with  any  one  of  the  following,  AloO.,  CaO,  MgO,  K.,0  and  Na.O. 
It  is  true  of  all  three  ternary  systems  of  Si02  with  any  two  of  CaO, 
MgO,  AI0O.5.  It  is  true  of  the  ternary  systems  of  CaO  and  SiO,  with 
either  NaoO  or  KoO.  It  is  true  of  every  binary  and   ternary   section 
through  quaternary  or  quinary  systems  that  has  yet  been  made.  Among 
these  may  be  mentioned  the  two  ternary  systems  of  forsterite  and  silica 
with  either  diopside  or  anorthite.  In  many  of  these  the  eutectic  mixture 
which  has  silica  as  one  of  its  solid  phase  is  the  only  eutectic,  the  relation 
between  other  compounds  being  of  the  reaction  type,  so  that  with  frac- 
tional crystallization  this  composition  acts  as  the  eutectic  for  the  whole 
system,  including  even  mixtures  which  originally  have  no  free  silica, 
stoichiometrically.   This    reaction    relation    between    compounds    is,    of 
course,  due  to  the  incongruent  melting  of  one  of  them  and  in  every  case 
yet  noted  the  compound  breaks  up  in  such  a  way  as  to  cause  a  separation 
of  crystals  of  a  more  "basic"  compound   and  consequent  throwing  of 
free  silica  into  the  liquid.  The  opposite  condition  has  never  been  en- 
countered, that  is,  a  case  in  which  a  compound  breaks  up  with  separation 

1  Petrologists  have  had  some  justification  for  doubting  that  a  granite  liquid  would  be  tlie  residuum 
from  even  a  dry  basaltic  Ii(]uid.  This  lay  in  the  sunposcd  fact  indicated  by  old  experiments, 
that  dry  granite  melts  at  a  liigher  teninerature  than  dry  basalt.  Since  this  volume  went  to  press, 
it  has  been  demonstrated  experimentally  in  the  dry  way  by  Sheoherd  and  by  Greig  that  granite 
is  converted  into  glass  at  a  temperature  well  below  that  at  which  basalt  begins  to  show  any 
change.  This  result  was  no  surprise  to  them,  indeed  was  a  foregone  conclusion  to  anyone  familiar 
with  the  thermal  properties  of  the  mineral  constituents  of  the  two  rocks.  The  demonstration 
should,  however,  change  the  opinion  of  those  who  have  placed  reliance  in  the  old  experiments. 
Greig,  Shepherd  and  Merwin,  Hull.  Geol.  Soc.  Amer.,  40,  I92g,  p.  94. 
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of  crystals  of  a  more  siliceous  compound  or  of  free  silica  with  conse- 
quent throwing  of  excess  of  "base"  into  the  liquid.^ 

In  view  of  these  well-established  facts  for  dry  melts,  it  is  idle  to  state 
that  the  presence  of  volatile  components  is  necessary  to  the  appearance 
of  free  silica  in  the  low  melting  residuum  from  fractional  crystalliza- 
tion of  a  basic  magma.  There  is  undoubtedly  some  formation  of  free 
silica  as  a  result  of  the  feldspar,  mica,  quartz,  water  equilibrium;  but 
that  the  presence  of  water  is  essential  to  the  carrying  on  of  free  silica 
into  the  late  differentiate  can  not  be  reasonably  maintained  in  the  face 
of  the  facts  just  pointed  out  for  dry  melts.  In  the  very  late  stages  of 
the  crystallization  of  the  granite  itself,  when  the  concentration  of  water 
may  become  very  high,  it  is  not  improbable  that  continued  action  of 
water  upon  the  alkaline  silicates  gives  alkaline  solutions  from  which 
the  quartz  of  veins  and  perhaps  some  of  the  very  latest  quartz  of  many 
granites  is  precipitated.  But  at  this  stage  the  course  of  what  may  be 
appropriately  termed  igneous  differentiation  is  complete,  and,  whatever 
actions  may  then  go  on,  in  which  water  and  other  volatiles  play  the 
dominant  role,  we  need  not  recede  from  our  position  that  the  whole 
course  of  differentiation  and  the  attainment  of  a  granitic  differentiate 
had  long  since  been  determined  by  the  properties  of  an  essentially  "dry" 
melt  only  slightly  modified  by  the  presence  of  small  amounts  of  volatile 
components.  If  it  be  true  that,  in  the  genesis  of  some  nephelite  syenites, 
volatile  constituents  have  played  a  fundamental  part,  this  fact  need  not 
vitiate  the  general  conclusions  stated,  for  nephelite  syenites  as  a  whole 
are  but  a  small  factor  in  igneous  geology  and  it  is  more  than  probable 
that  only  some  of  them  are  so  formed. 

It  is  a  very  useful  exercise  to  compare  the  crystallization  of  an  anhy- 
drous molten  mixture  of  K.Si.Or,  and  KoSiO,  and  the  crystallization  of 
the  same  mixture  with  1  per  cent  HoO  added.  This  can  be  done  with  the 
aid  of  Fig.  82.  A  melt  containing  50  per  cent  of  each  silicate  is  repre- 
sented by  the  point  M.  It  begins  to  crystallize  at  900°  with  separation 
of  K2Sio05  which  continues  until  780°  when  the  liquid  has  the  compo- 
sition E.  Eutectic  separation  of  KoSi.O-,  and  K^SiO,  then  occurs  at  this 
temperature  until  crystallization  is  complete. 

If  1  per  cent  H^,0  is  contained  in  the  original  mixture  (M')  crystal- 
lization begins  at  a  considerable  lower  temperature,  850°,  with  the 
separation  of  the  same  crystals  (K.Si.Oj)  as  in  the  case  of  the  anhy- 
drous melt.  The  liquid  changes  in  composition  to  E',  which  is  attained 
at  a  temperature  of  730°  and  here  K^SiO.,  begins  to  separate.  The  liquid 
F/  has  almost  exactly  the  same  proportion  of  K^SiOg  and  KoSioOg  as 
the  anhydrous  eutectic  E,  the  only  significant  difference  being  the  pres- 

1  A  possible  exception  may  be  noted  in  the  case  of  manganese  and  silica.  It  can  not  yet  be 
regarded  as  definitely  established  and  in  any  event  can  have  no  significance  for  igneous  rocks. 
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ence  of  water.  As  K„SioO-  and  K^SiO,  separate,  the  temperature  falls 
and  the  liquid  changes  in  composition  towards  R.  The  proportions  of 
the  two  compounds  separating  are  almost  identical   with  those  of  the 


SiOp 


Fig.    82.     Equilibrium    diagram    of    the    ternary    system,    K^siOii-SiOz-HaO    (after 
Morey  and  Fenner)  redrawn  in  weight  per  cent. 


anhydrous  eutectic  and  the  liquid  R  contains  the  two  compounds  in 
almost  exactly  the  same  proportion.  At  the  point  R,  which  is  attained 
when  the  temperature  reaches  ^"50°,  nearly  90  per  cent  of  the  original 
mass  has  crystallized,  and  up  to  this  rather  advanced  stage  of  crystalli- 
zation there  is  no  difference  in  the  nature  of  the  compounds  separating 
and  a  scarcely  perceptible  difference  in  the  proportion  of  the  compounds 
as  compared  with  an  anhydrous  melt.  At  R  action  of  the  liquid  upon 
K^SiOg  begins  with  its  partial  conversion  to  K^SiO,  .  ^HoO  and  this 
action  continues,  with  perfect  equilibrium,  until  the  liquid  is  exhausted. 
Or  if  only  partial  reaction  is  possible  the  liquid  will  move  along  RP 
and  even  during  this  course  the  proportions  of  K.O  and  SiOo  in  the  liquid 
are  not  changed  notably.  The  relatively  insignificant  effect  of  the  water 
upon  phase  equilibrium  until  an  advanced  stage  of  crystallization  is 
sufficiently  clear.  The  effect  upon  temperatures  of  phase  changes  and 
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their  facilitation  by  lowering  of  viscosity  may,  however,  be  very 
important. 

Now  although  we  have  taken  a  specific  system  for  which  actual  tem- 
peratures and  concentrations  have  been  determined  it  should  be  plain 
that  if  one  takes  any  determined  anhydrous  binary  system  and  pictures 
the  probable  effect  of  addition  of  1  per  cent  of  water  the  conclusion  can 
hardly  be  very  different  in  a  qualitative  way  from  that  reached  in  the 
investigated  system.  From  each  quadruple  point  of  the  binary  system 
a  boundary  curve  must  pass  out  into  the  ternary  system  which  curve 
represents  univariant  equilibrium  between  liquid  and  the  same  solid 
phases  as  are  present  at  the  quadruple  point  in  the  anhydrous  system. 
At  a  short  distance  from  the  binary  side-line  this  boundary  curve  can 
not  be  displaced  notably  from  the  position  of  the  quadruple  point  in 
the  binary  melt.  There  is  no  escaping  the  conclusion  that  in  any  system 
containing  a  small  amount  of  a  volatile  component,  the  early  stages  of 
crystallization  must  be  concerned  with  the  same  solid  phases  in  approxi- 
mately the  same  proportions  as  the  early  stages  of  the  crystallization 
of  the  anhydrous  system.  To  be  sure,  one  can  not  claim,  by  analogy 
with  the  investigated  example,  that  not  until  some  90  per  cent  of  the 
mass  has  crystallized  do  notable  effects  of  the  volatiles  appear  in  the 
way  of  changing  the  nature  and  proportion  of  solid  phases.  Notable 
effects  may  appear  sooner  in  the  complex  examples  presented  by  natural 
magmas.  On  the  other  hand  they  may  not  appear  till  later.  In  any  case 
it  can  be  stated  that  a  considerable  proportion  of  the  crystallization  must 
be  but  a  very  slight  modification  of  the  crystallization  of  the  correspond- 
ing dry  melt  and  the  general  course  is  determined  at  that  stage. 

The  slow  crystallization  of  basaltic  magma  with,  say,  O.J  per  cent 
volatiles  might  be  expected,  therefore,  to  be  sensibly  the  same  as  the 
crystallization  of  the  corresponding  dry  melt  through  a  considerable 
proportion  of  its  course.  If  the  crystallization  be  fractional  and  there 
comes  a  stage  when  hornblende  separates,  certain  volatiles  being  pre- 
sumably essential  constituents  of  that  mineral,  there  is  to  be  expected 
a  significant  modification  of  the  course  of  crystallization  as  compared 
with  that  of  the  dry  melt.  Yet  this  modification  need  not  be  drastic.  If, 
for  example,  the  general  course  has  been  toward  an  enrichment  of  the 
liquid  in  alkaline  feldspar  it  is  possible  (indeed  it  is  rather  probable, 
since  hornblende  bears  a  reaction  relation  to  pyroxene)  that  the  sub- 
sequent course  will  trend  towards  the  same  general  goal  though  it  will 
reach  that  goal  by  a  somewhat  modified  route.  And  if  fractionation  be 
adequate  to  produce  a  liquid  very  rich  in  alkaline  feldspar,  with  per- 
haps excess  silica,  the  crystallization  of  this  fraction  may  be  notably 
different  from  the  crystallization  of  the  corresponding  dry  melt,  espe- 
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cially  if  the  water  has  in  the  meantime  mounted  to  some  4  or  5  per  cent 
or  even  more,  as  it  presumably  does  in  some  cases.  Nevertheless  the 
attainment  of  this  fraction  has  already  been  determined  by  processes  in 
which  the  volatiles  have  played  a  relatively  minor  role.  In  the  very 
late  stages  of  the  crystallization  of  this  salic  fraction,  the  volatiles  may 
readily  be  supposed  to  assume  not  merely  an  important  but  the  domi- 
nant role,  but  by  this  time,  as  we  noted  elsewhere,  the  stage  of  vein 
forming  solutions  has  been  reached  and  igneous  differentiation  proper 
is  complete. 

The  principal  functions  of  the  volatiles  during  the  crystallization  of 
a  deep-seated  mass  would  thus  appear  to  be  to  lower  the  temperatures 
of  crystallization,  to  increase  the  fluidity,  to  facilitate  the  separation  and 
interaction  of  phases,  and  to  modify  the  course  of  crystallization  only 
in  moderate  degree  except  in  very  late  stages.  Nothing  that  has  been 
said  here  is  to  be  taken  as  suggesting  anything  but  a  very  important 
role  for  the  volatiles  in  extrusive  igneous  phenomena,  but  such  phe- 
nomena are  a  small  proportion  of  igneous  action  as  a  whole  and  of  little 
importance  in  the  problem  of  igneous  differentiation.  One  must  agree 
heartily  with  Vogt's  remark,  "I  cannot  endorse  the  statement  that  the 
volatile  components  have  been  the  important  factor  in  magmatic 
differentiation."^ 

1  J.  H.  L.  Vogt,  Jour.  Geol.,  30,   1922,  p.  672. 
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PETROGENESIS  AND  THE  PHYSICS  OF  THE  EARTH 

IT  IS  in  many  ways  desirable  to  establish  the  connection  of  igneous 
activity  with  ascertained  facts  regarding  the  nature  of  the  earth  as 
a  whole  and  if  possible  with  the  early  history  and  the  ultimate 
origin  of  the  earth.  Any  system  of  petrogeny  must,  of  course,  be  recon- 
cilable with  geophysical  facts,  in  so  far  as  these  are  facts,  but  it  is 
a  different  matter  to  suppose  that  petrology  must  be  based  upon  some 
chosen  system  of  cosmogony.  From  the  very  nature  of  its  subject- 
matter  cosmogony  must  ever  be  less  capable  than  petrology  of  reaching 
demonstrable  conclusions.  This  is,  perhaps,  true  of  geophysics  also, 
but  in  less  degree.  A  brief  survey  of  the  data  and  of  some  present-day 
conclusions  in  geophysical  matters  may  be  desirable,  together  with 
some  suggestion  as  to  their  connection  with  the  advocated  system  of 
petrogenesis. 

THE    BROADER    DENSITY    RELATIONS 

The  average  density  of  the  earth  is  5.52,  whereas  the  average  density 
of  the  rocks  of  the  accessible  crust  is  well  below  3.  From  these  facts 
it  must  be  concluded  that  the  material  of  the  deeper  layers  of  the  earth  is 
of  a  density  considerably  greater  than  5.52.  It  has  been  considered  that 
this  great  density  of  the  interior  can  not  be  due  to  compression  alone, 
the  basis  of  estimate  being  the  known  density  and  compressibility  of 
surface  rocks  and  the  indications  as  to  change  of  compressibility  afforded 
by  earthquake  waves. ^  The  great  density  has  therefore  been  assigned  to 
a  change  of  chemical  composition,  the  common  assumption  being  that  the 
core  is  of  a  nickel-iron  alloy  analogous  to  the  metallic  constituent  of 
meteorites.  It  is  the  contention  of  some  investigators  that  the  iron  of 
meteorites  is  due  to  a  secondary  reducing  action,^  and  if  this  be  true  the 
analogy  of  the  earth  with  this  type  of  meteorite  substance  loses  some  of 
its  force.  Indeed,  the  opinion  that  the  great  density  of  deep  layers 
in  the  earth  can  not  be  due  to  compression  alone  takes  no  count  of 
possible  changes  of  state  even  of  the  more  familiar  kind,  much  less  of  the 

1  Williamson  and  Adams,  Jour.  Wash.  Acad.  Set.,  13,   1923,  p.  419- 

2  G.  P.  Merrill,  Proc.  U.S.  Nat.  Museum,  73,  Art.  21,   1928,  pp.   i-7- 
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possibility  that,  under  the  extreme  conditions  that  may  obtain  deep 
within  the  earth,  matter  may  be  in  the  electronic  condition  supposed  to 
exist  in  stars,  where  the  density  may  be  very  high  and  where  the 
ordinary  distinctions  of  chemistry  fall  away  since  the  electrons  are  not 
arranged  in  the  groupings  characteristic  of  chemical  atoms.  Opinion 
as  to  the  deep  layers  of  the  earth  must  therefore  be  held  in  abeyance. 

The  sources  of  igneous  activity  can  have  no  immediate  connection 
with  the  deeper  layers  so  that  lack  of  knowledge  of  these  layers  is  no 
serious  matter  from  the  petrologic  point  of  view.  Of  shallower  layers 
we  have  more  definite  indications  because  the  properties  of  materials 
under  the  conditions  there  prevailing  may  be  but  little  removed  from 
their  properties  under  surface  conditions  or  under  conditions  which  can 
be  produced  in  the  laboratory. 

OBSERVATIOXS  THROWING  LIGHT  ON  THE  PHYSICAL 
CONDITION    OF    EARTH    SHELLS 

The  principal  observations  which  have  a  bearing  on  the  question 
of  the  character  and  condition  of  the  materials  of  the  outer  portion  of  the 
earth  may  be  listed  under  the  following  heads: 

Earthquake-wave  propagation 
The  geothermal  gradient 
The  radioactive  content  of  rocks 
Tidal  deformation  of  the  earth 
Isostasy 

The  list  includes  phenomena  which  throw  light  on  the  mechanical 
properties  and  also  on  the  thermal  condition  of  earth  substance,  but 
since  these  are  not  independent  of  each  other  they  are  given  together. 

EARTHOUAKE-WAVE   PROPAGATION 

Indications  as  to  the  nature  of  materials  at  various  depths  is  ob- 
tained from  a  study  of  the  velocity  of  earthquake  waves.  The  velocity 
of  one  set  of  waves  which  pass  into  the  earth  is  a  function  of  the  com- 
pressibility and  the  density.  Mathematical  analysis  of  the  apparent  sur- 
face velocity  has  led  to  conclusions  as  to  their  velocity  in  the  various 
layers  into  which  their  calculated  course  has  penetrated  and  thus  permits 
deductions  as  to  the  compressibility  and  the  density  of  these  layers. 
One  can  not  obtain  both  compressibility  and  density  from  these  results 
alone.  The  one  must  be  known  in  order  to  obtain  the  other,  but  from 
the  measured  values  of  these  properties  in  familiar  rocks  one  may 
ascertain  what  rocks  would  have  the  appropriate  combination  of  these 
properties  to  give  the  calculated  velocities  at  various  depths.  These 
velocities  increase  with  depth.  The  actual  velocity  of  one  type  of  wave 
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(compression  wave)  near  the  surface  is  5.6  km/sec  and  corresponds 
approximately  with  that  calculated  from  the  compressibility  and  den- 
sity of  granitic  rocks  as  measured  at  ordinary  temperatures.  In  addition 
to  the  general  increase  of  velocity  with  depth  it  is  said  that  there  are 
abrupt  increases  occurring  in  certain  layers.  At  one  such  layer  the 
velocity  appears  to  increase  abruptly  to  7.8  km/sec  but  there  is  no  gen- 
eral agreement  as  to  the  depth  at  which  this  layer  occurs.  According  to 
Gutenberg  and  others  the  discontinuity  is  at  a  depth  of  60  km,  but 
Jeffreys  would  place  it  at  37  km.^  The  velocity  there  obtaining  (7.8 
km/sec)  is  only  a  little  less  than  that  calculated  from  the  properties  of 
dunite  at  ordinary  temperatures  (8.2  km/sec).-  A  rock  approaching 
dunite  in  composition,  i.e.,  an  ordinary  peridotite,  might  give  adequate 
velocities  but  apparently  no  other  familiar  rock  would.  The  effect  of 
temperature  upon  compressibility  is  not  known  and  in  stating  a  conclu- 
sion that  the  observed  velocity  indicates  the  presence  of  peridotite  it  is 
necessary  to  suppose  that  the  effect  of  temperature  is  negligible,  but 
since  high  temperature  would  probably  affect  the  properties  of  any  rock 
in  such  a  way  as  to  reduce  the  velocity,  the  existence  of  any  familiar 
rock  other  than  peridotite  below  the  noted  discontinuity  becomes  even 
less  probable  at  high  temperatures.  This  is  the  best  approach  to  a  solu- 
tion that  is  offered  and  it  is  in  qualitative  harmony  with  what 
one  might  expect  on  petrologic  grounds.  The  conclusion  most  commonly 
reached  is  that  there  is  a  granitic  layer  variously  estimated  at  from  6  to 
25  km  in  thickness  which  gradually  changes  through  intermediate  to 
basic  rocks  and  these  give  place  rather  abruptly  to  an  ultrabasic  layer 
at  a  depth  anywhere  from  37  to  60  km.  The  geologic  evidence  as  ob- 
tained in  the  deepest  eroded  sections  indicates  a  preference  for  the 
larger  of  these  figures. 

A  suggestion  that  has  been  made  by  some  petrologists  is  that  there 
is  a  zone  of  an  eclogitic  nature  within  the  earth  and  some  would  place 
its  upper  limit  at  this  shallow  major  discontinuity  indicated  by  seis- 
mology. The  properties  of  eclogite  have  not  been  determined  so  it  is 
not  known  how  this  assumption  may  fit  the  earthquake  data  or  where 
the  zone  may  be  more  rationally  placed,  though  the  suggestion  made  is 
that  it  occurs  above  any  peridotite  zone  that  may  exist. ^  in  the  sup- 
posed eclogite  zone  material  of  basaltic  composition  is  regarded  as  occur- 
ring in  the  crystalline  compounds  characteristic  of  eclogite,  i.e.,  prin- 
cipally as  pyrope  garnet  and  chloromelanite  pyroxene.  The  eclogite 
is  thus   considered  to  be   a  high-pressure   facies   of  basalt  and   in    the 

1  H.  Jeffreys,  Nature,  ll8,   1926,  p.  443. 

2  Adams  and  Gibson,  Proc.  Nat.  Acad.  Set.,   12,   1926,  pp.  275-83. 

3  L.  L.   Fermor,  Geol.  Mar/.  Decade   VI,   i,   1914,   pp.   65-7;    P.   Eskola,   Norsk  Geologsk   Tidskrift, 
6,  1920,  p.  182;  v.  M.  Goldschmidt,  Vidensk.  Sehk.  Skr.  I.  Mat.-Naturv.  Kl.,  1922,  No.  11,  p.  4 
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present   state   of   knowledge   the    possibility    of   such   a   layer   must   be 
reckoned  with. 

THE  GEOTHKRMAL   GRADIENT  AND  THE    RADIOACTIVE 
CONTENT   OF   ROCKS 

The  temperatures  that  may  exist  at  various  depths  within  the  earth 
present  a  very  diMicult  problem.  Temperatures  at  very  great  depths,  like 
physical  and  chemical  conditions  at  those  depths,  need  not  concern  us 
here.  We  have  evidence  from  man-made  sections  of  a  continuous  rise  of 
temperature  which  varies  considerably  from  place  to  place.  The  actual 
depth  which  these  sections  attain  is  utterly  insignificant  and  while 
extrapolation  of  the  temperature  curve  would  rapidly  carry  us  to  very 
high  temperatures,  the  real  evidence  of  the  existence  of  high  tempera- 
tures anywhere  in  the  earth  comes  from  the  fact  that,  at  frequent  inter- 
vals in  the  earth's  history,  rocks  which  are  molten  only  above  lOOO^  C 
have  come  from  the  depths  into  the  outer  crust  in  the  liquid  state.  They 
have  not  only  been  injected  into  the  crust  but  have  also  been  poured  out 
upon  the  earth's  surface  and  the  process  is  still  going  on,  so  that  from 
time  to  time  man  has  had  the  opportunity  of  seeing  these  molten  rocks 
and  even  of  measuring  their  temperature. 

The  earliest  views  as  to  the  origin  of  this  high  temperature  were 
that  the  earth  had  once  been  molten  and  was,  indeed,  still  molten  with 
the  exception  of  a  thin  outer  crust.  With  increasing  knowledge  of  the 
physics  of  the  earth  it  has  been  necessary  to  abandon  this  simple  form 
of  hypothesis.  A  modification  was  proposed  by  Kelvin  in  which  blocks 
of  the  outer  crust  sank  into  the  earth,  at  first  remelting,  but  in  doing  so, 
gradually  reducing  the  general  temperature  to  a  value  where  remelting 
was  no  longer  possible  and  thus  bringing  about  a  honeycombed-solid 
condition  of  the  whole  earth.  With  the  attainment  of  this  relatively 
stable  mechanical  condition,  cooling  took  place  almost  solely  by  conduc- 
tion and  it  was  supposed  that,  with  the  aid  of  tiie  present  thermal  gra- 
dient and  the  mathematical  theory  of  heat  conduction,  temperatures 
at  a  depth  could  be  calculated,  as  well  as  the  lapse  of  time  since  this 
stable  condition  was  established.  The  actual  time  so  calculated  turned 
out  to  be  so  short  that  geologists  were  unable  to  accept  it  as  adequate 
for  the  formation  of  the  known  thickness  of  sedimentary  beds  and  for 
the  development  of  life  as  recorded  in  them.  With  the  discovery  of 
radioactivity  and  the  determination  of  the  quantities  of  radioactive 
substances  in  rocks,  the  source  of  heat  thus  supplied  made  it  pos- 
sible to  abandon  this  embarrassingly  short  period  of  time.  However,  it 
led  to  a  difficulty  of  another  kind,  for  the  actual  amount  of  radioactive 
substances  in  surface  rocks  is  such  that,  if  these  rocks  extended  to  great 
depths,  the  heat  being  lost  by  the  earth,  as  indicated  by  the  thermal 
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gradient,  would  be  far  less  than  that  produced.  The  earth  would  thus 
be  heating  up. 

The  plain  facts  are  that  there  is  nothing  that  can  be  called  definite 
knowledge  to  preclude  the  possibility  that  the  earth  is  heating  up.  Some 
geologists  had  on  other  grounds  already  abandoned  the  concept  of  a 
once-molten  earth  and  had  turned  to  an  earth  built  up  by  the  accumu- 
lation of  cold  planetesimals  formed  by  the  tidal  disruption  of  the  sun 
upon  the  approach  of  another  star.^  They  found  no  great  embarrassment 
in  the  discovery  of  the  presence  of  radioactive  substances  and  in  the 
possibility  that  the  earth  might  be  heating  up  from  that  cause. 

The  present  tendency  is  to  return  to  the  concept  of  an  earth  formerly 
molten.  It  is  based  on  a  reconsideration  of  the  problem  of  tidal  disrup- 
tion- and  an  analogy  of  the  history  of  the  earth  with  the  supposed 
history  of  other  planets.  Attempts  have  been  renewed  to  deduce  the 
story  of  the  cooling  of  a  molten  earth. ^  The  same  assumption  as  that  of 
Kelvin  (or  another  which  leads  to  the  same  result)  has  been  made 
as  to  the  early  stages  of  cooling  and  the  establishment  of  a  stable  con- 
dition which  permits  cooling  only  by  conduction.  In  present  attacks  on 
the  problem,  the  age  of  the  earth  is  taken  as  known  from  the  uranium- 
lead  ratio  in  the  oldest  intrusive  rocks.  From  this  and  from  the  observed 
thermal  gradient  the  thickness  of  the  radioactive  shell  is  calculated, 
that  is,  the  depth  to  which  rock  having  the  same  quantity  of  radioactive 
matter  as  surface  rock  may  be  assumed  to  extend.  The  conclusion 
reached  is  that  a  thickness  of  10-20  km  of  average  granite,  which  type 
of  rock  has  more  radioactive  substance  than  any  other  common  type, 
would  account  for  all  the  radioactive  substance  of  the  earth.  These 
newer  attacks  upon  the  thermal  problem  of  the  earth  thus  lead  to  some 
conclusions  as  to  the  distribution  of  various  kinds  of  rocks  in  the  crust, 
imposing  narrow  limits  to  the  possible  downward  extension  of  granite, 
and  it  is  towards  this  aspect  that  attention  is  now  drawn.  Below  the  level 
noted  there  must  be  no  radioactive  substance  or  it  must  fall  off  so 
rapidly  that  its  quantity  soon  becomes  negligible.  This  result  is  not 
acceptable.  Below  the  granite  layer  there  must,  in  any  rational  scheme 
of  things,  be  intermediate  and  basic  rocks  whose  radioactive  content  is 
far  from  negligible.  Below  these  again  the  ultrabasic  rocks  must  be 
regarded  as  having  the  lower  but  still  important  quantity  of  radioactive 
substances  usually  found  in  ultrabasic  rocks.  A  falling-off  in  radio- 
active content  is  to  be  expected  but  the  drastic  rate  of  fall  indicated  by 
the  calculation  is  out  of  the  question.  Examination  of  the  data  used 
in   the  calculation  shows  that  they  should  be   modified   in   a   direction 

1  T.  C.  Chamberlin,  in    Chamberlin    and   Salisbury,  Geolociy,   II,   1905,  pp.   I-81. 

2  Jeans,  Problems  of  Cosmogony  and  Stellar  Dynamics,   1919. 

3  A.  Holmes,  Geol.  Mag.,  1915,  pp.  60,  102;  1916,  p.  265;  H.  Jeffreys,  The  Earth,  Cambridge, 
1924,  p.  89  ;  L.  H.  Adams,  Jour.  Wash.  Acad.  Set.,  14,  1924,  p.  459. 
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which  mitigates  the  dlfKculty  somewhat  but  probably  without  eliminat- 
ing it  altogether. 

The  calculation  of  the  thickness  of  the  radioactive  shell  depends 
almost  solely  on  a  knowledge  of  the  present  rate  of  heat  loss  from  the 
earth  and  very  little  on  the  past  history.  With  the  aid  of  the  thermal 
gradient  and  the  conductivity  of  rocks  the  heat  loss  is  calculated  and 
from  this  the  total  radioactive  content  of  the  earth/  or  better,  the  thick- 
ness of  an  outer  shell  with  a  content  of  radioactive  substance  equal  to 
that  found  in  acid  rocks  such  as  occur  at  the  surface.-'  It  is  to  be  noted 
that  a  knowledge  of  the  kind  of  rocks  occurring  in  depth  and  the  gra- 
dient there  obtaining  is  unnecessary,  it  is  sufficient  to  know  the  gradient 
in  any  layer  and  the  conductivity  of  that  layer,  if  a  lower  layer  have 
a  lower  conductivity  it  will  have  a  correspondingly  higher  gradient.  The 
conductivity  used  should  therefore  be  that  of  the  kind  of  rocks  in  which 
the  bore  holes  have  been  sunk  and  not  an  average  conductivity  of  all 
rocks  including  those  of  supposed  basic  and  ultrabasic  shells.  Usually 
the  rocks  concerned  are  sedimentary  rocks  more  or  less  porous  and 
impregnated  with  water. 

The  thermal  gradient  has  been  measured  in  continental  areas  and 
found  to  be  variable.  Where  it  is  found  unusually  high  this  value  is 
ordinarily  rejected  in  estimating  an  average,  on  the  assumption  that 
the  high  value  is  due  to  exceptional  causes.  However,  the  high  values  are 
of  equal  significance  with  the  low  values  in  the  problem  of  the  earth's 
heat  loss.  Some  two-thirds  of  the  earth's  surface  is  occupied  by  the 
oceans  and  there  the  thermal  gradient  is  altogether  unknown.  The 
earth's  "crust"  is  presumably  thinner  there  and  the  gradient  greater. 
It  may  be  several  times  that  in  continental  areas. 

The  assumption  involved  in  the  calculation  is  that  all  heat  loss  is  by 
conduction,  yet  we  know  that  there  is  loss  from  other  causes.  A  single 
warm  spring  in  Montana  has  a  temperature  only  a  little  above  the  mean 
annual  temperature,  yet  its  flow  is  such  that  heat  is  transferred  to  the 
surface  at  a  rate  equal  to  the  loss  by  conduction  over  200  sq.  kilometers.^ 
Springs  of  such  magnitude  are  few  in  number  but  the  aggregate  heat 
transfer  of  small  warm  springs,  individually  insigriificant,  may  be  very 
great.  Hot  springs  transfer  great  quantities  of  heat."*  Zies'^  estimates  as  a 
minimum  that  in  the  Valley  of  Ten  Thousand  Smokes  2.6  x  10^  litres  of 
steam  were  evolved  per  second  in  IQ19.  This  steam,  taken  at  100°  though 
much  of  it  is  far  above  that  temperature,  condensed  to  water  and  cooled 
to  10°  C  accounts  for  the  bringing  to  the  surface  of  about  10^  cal  per  sec. 

1  Rutherford,  Radioactivity,   Cambridge,   1905,  p.  493- 

2  Strutt,  Proc.  Roy.  Soc,   A,  Vol.  771,   1906,  p.  475- 

3  "Warm  Spring,  Montana,"   U.S.  Gent.  Surv.   Water  Su/>ply  Paper  557.   1927,   p.  82. 

4  Allen  and  Day,  "Steam  Wells  and  Other  Thermal  Activity  at  'The  Geysers,"  California,"  Car- 
negie  Inst.   Wash.  Pub.  No.  378,  pp.    100-2. 

G  E.  G.  Zies,  Jour.  Geol.,  32,  1924,  pp.  309-10,  and  Nat.  Geo.  Soc,  Katmai  Series,  Vol.  I, 
No.  4,  1929.  p.  73- 
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This  small  area  thus  accounts  in  steam  alone,  without  the  additional  hot 
water  circulation,  for  a  heat  loss  of  at  least  1/3000  of  all  that  lost  by 
conduction  over  the  land  surface  of  the  earth.  The  minimum  estimate 
of  Zies  might  not  impossibly  be  increased  several  fold.  What  may  be  the 
total  heat  loss  of  all  the  "smoking"  volcanoes  on  the  earth  there  is  no 
means  of  knowing  but  it  may  be  very  high.  Every  outflow  of  lava 
transfers  heat  to  the  surface  by  a  method  which  does  not  depend  upon 
its  slow  flow  along  a  low  temperature  gradient.  The  total  loss  of  heat 
from  continental  areas  may  easily  be  more  than  double  that  calculated 
from  the  thermal  gradient.  There  is  reason  to  believe  that  submarine 
flows  may  be  more  common  than  continental  flows.  On  the  whole  the 
total  loss  of  heat  from  the  earth  may  be  many  times  that  calculated  from 
the  thermal  gradient.  The  restriction  to  be  placed  upon  the  downward 
extension  of  radioactive  matter  need  not  therefore  be  as  drastic  as  that 
indicated  by  the  simple  assumption  made  in  the  calculation. 

The  calculation  involves,  of  course,  the  fundamental  assumption  that 
the  earth  is  not  now  heating  up.  Of  this  we  have  no  assurance.  Even 
if  the  earth's  history  is  one  of  general  cooling  there  is  nothing  in  this 
to  preclude  the  possibility  that  at  the  present  time  it  might  be  heating 
up  or  perhaps  that  sub-continental  areas  may  be  heating  up  but  the 
whole  earth  cooling  down. 

Joly  has  attempted  to  solve  the  earth's  thermal  problem  by  aban- 
doning altogether  the  concept  of  gradual  cooling  and  avoiding  the 
embarrassment  of  radioactive  heating  by  assuming  that  there  has  been 
periodical  discharge  of  heat  in  great  quantity  by  outpourings  of  magma 
upon  the  ocean  floor.  These  periods  are  separated  by  long  periods  of 
slow  reheating  of  the  earth  by  the  heat  of  radioactive  disintegration.  The 
theory  involves  the  periodic  remelting  of  a  basaltic  substratum,  which 
at  the  present  time  is  crystalline  and  thus  capable  of  transmitting  dis- 
tortional  seismic  waves.  Joly  attempts  to  explain  isostasy,  the  rhythm 
of  mountain-building  and  many  other  geologic  observations  with  the 
aid  of  his  theory.^  The  objection  has  been  raised  that  there  is  no  means 
of  obtaining  re-solidification  of  the  basaltic  substratum  once  it  is  melted. 
There  are  many  other  objections  to  details  such  as  the  supposed  per- 
sistence of  solid  granite  in  contact  with  liquid  basalt,  Joly  thus  sub- 
scribing to  the  age-old  fallacy  that  granite  melts  at  a  higher  temperature 
than  basalt.  In  spite  of  the  various  objections  it  is  not  improbable  that 
an  hypothesis  involving  periodic  discharge  of  heat  in  great  quantity 
will  ultimately  be  preferred.  Holmes  now  offers  adherence  to  some  such 
concept.-  It  is,  on  the  whole,  perhaps  less  unreasonable  than  the  assump- 

1  J.  Joly,    The  Surface  History  of  the  Earth,  Oxford,   1925. 

2  Geol.  Mag.,  62,  1925,  p.  504. 
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tion  of  drastic  rate  of  decrease  of  radioactive  substance  in  dt'ittli  tliat 
is  involved  in  alternative  hypotheses. 

The  significance  of  these  general  considerations,  from  the  petrologic 
point  of  view,  is  that  no  definite  knowledge  is  inconsistent  with  the  view 
that  there  is  a  granitic  shell  as  much  as  25  km  thick  and  a  passage 
through  intermediate  to  basic  rocks  of  normal  radioactive  content  with- 
out attaining  the  ultrabasic  rocks  until  a  depth  of  some  60  km  is  reached. 

The  newer  methods  of  treating  the  earth's  history  as  a  problem  in  heat 
conductivity  attempt  to  determine  not  only  the  distribution  of  radio- 
active matter  but  also  the  probable  internal  temperatures.  Geological 
evidence  brings  to  light  many  objections  to  regarding  the  heat-loss  as 
due  entirely  to  a  flow  along  a  low  temperature  gradient.  There  have 
always  been  periods  of  rise  of  molten  magma  into  the  outer  crust  of  the 
earth,  often  of  colossal  magnitude.  In  these  intrusive  magmas  heat  was 
transferred  by  a  method  independent  of  the  slow  flow  of  conduction  and 
its  escape  was  facilitated  by  greatly  steepened  gradients.  We  can  not 
therefore  arrive  at  an  adequate  idea  of  temperatures  within  the  earth  by 
a  method  which  assumes  that  at  present  and  for  hundreds  of  millions  of 
years  in  the  past,  the  sole  heat-loss  has  been  by  conduction  along  a 
gradient  which  changed  gradually  and  regularly  according  to  the  re- 
quirements of  mathematical  theory.  There  is  no  means  of  estimating  the 
effects  of  intrusive  and  extrusive  masses  so  there  is  no  reliable  means 
of  estimating  temperatures  at  depth. 

Upon  crustal  temperatures  definite  knowledge  is  thus  reduced  to  the 
fact  of  a  rising  temperature  which  somewhere  within  striking  distance 
of  the  surface  is  such  as  to  render  possible  the  production  of  the  most 
refractory  magma  we  know — basaltic  magma.  What  interpretation  is  to 
be  put  upon  the  expression  "striking  distance"  we  can  not  ascertain  from 
any  consideration  of  temperature  distribution  alone.  There  are,  however, 
some  indications  which  depend  upon  wholly  different  factors. 

TIDAL   DEFORMATION    AND    DISTORTIONAL   SEISMIC   WAVES 

Two  lines  of  evidence  prove  that,  not  only  the  earth  as  a  whole,  but 
also  the  individual  shells  of  which  it  is  composed  have  a  very  high 
degree  of  rigidity.  The  information  comes  from  the  manner  of  propaga- 
tion of  earthquake  waves  and  from  the  magnitude  of  the  tidal  deforma- 
tion of  the  earth's  body.  Some  consideration  has  already  been  given  to 
earthquake  waves.  Besides  the  compressional  wave,  whose  velocity  has 
been  discussed  and  whose  transmission  would  be  accomplished  even  in 
a  liquid  medium,  there  is  a  distortional  wave  which  can  be  transmitted 
only  by  material  having  elasticity  of  form  or  rigidity.  This  wave  is 
freely  transmitted  in  all  layers  (with  the  possible  exception  of  a  core) 
and  indicates  for  all  layers  a  high  degree  of  rigidity.  Tidal  deformation 
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of  the  earth  is  so  small  as  to  indicate  an  average  rigidity  greater  than 
that  of  steel.  The  high  rigidity  is  usually  regarded  as  indicative  of 
crystallinity  and  probably  this  is  true  for  a  considerable  depth,  but  we 
can  not  be  sure  that  excessively  high  pressure  would  not  endow  non- 
crystalline matter  with  high  rigidity;  indeed,  highly  rigid  liquid  (glass) 
has  been  assumed  to  exist  at  quite  moderate  depths,  as  we  shall  see. 

Another  type  of  evidence  as  to  the  properties  of  rock  masses  in  depth 
is  afforded  by  the  condition  known  as  isostasy.  It  is  found  by  measure- 
ments of  the  force  of  gravity  that  the  major  elevations  of  the  earth's 
surface  are  almost  completely  compensated  by  a  deficiency  of  mass 
beneath  them.  The  fact  seems  well  established  but  the  nature  of  the 
compensation  and  the  depth  at  which  it  is  complete  are  matters  of  inter- 
pretation upon  which  there  is  no  general  agreement.  Hayford  obtains 
about  120  km  as  the  best  depth  of  complete  compensation  on  the  assump- 
tion of  uniform  distribution  of  compensation  but  shows  that  values  of 
from  60-300  km  fit  the  data  about  as  well.  He  also  points  out  that  the 
data  give  equal  support  to  the  assumption  that  all  compensation 
takes  place  in  a  layer  10  miles  thick  whose  top  is  at  25  miles  depth. 
The  net  result  is  such  as  would  be  produced  if  the  crust  of  the  earth 
were  floating  in  a  fluid  medium,  the  lighter  segments  floating  with  more 
free-board  than  the  heavier,  though,  in  the  face  of  other  evidence  of 
rigidity,  few  go  the  length  of  advocating  the  intervention  of  a  liquid. 
This  flow  under  load  may  be  reconciled  with  the  small  tidal  deformation 
when  it  is  realized  that  the  forces  induced  by  tidal  pull  are  of  short 
duration,  whereas  isostatic  compensation  results  from  forces  applied 
for  long  periods. 

THE   SOURCE   OF    MAGMAS 

It  is  not  primarily  the  province  of  petrology  to  bring  about  reconcilia- 
tion of  such  apparent  discrepancies  as  may  be  found  in  data  of  this  sort. 
Petrology  as  such  is  interested  merely  in  the  light  these  data  may  throw 
on  the  problem  of  the  source  of  magmas. 

There  is,  at  present,  a  very  distinct  trend  of  thought  towards  identify- 
ing the  problem  of  the  source  of  magmas  with  the  problem  of  the  source 
of  basaltic  magmas.  To  be  sure  there  is  no  general  agreement  upon  the 
possibility  of  the  derivation  of  all  magmas  and  rocks  from  basaltic 
magma,  nor  among  those  who  do  accept  the  possibility  is  there  agreement 
as  to  the  method  of  derivation.  Having  regard  for  the  probable  consti- 
tution of  the  whole  earth,  as  indicated  in  the  foregoing  outline  of  data, 
we  can  see  little  chance  of  escape  from  the  necessity  of  deriving  all 
magmas  ultimately  from  matter  much  more  basic  than  basalt  and  prob- 
ably from  peridotitic  substance  as  represented  in  stony  meteorites.  How- 
ever this  may  be,  it  can  scarcely  be  denied  that  basaltic  magma  is  of 
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great  importance  and  that  a  solution  of  the  problem  of  the  source  of 
basaltic  magma  would  be  at  least  an  important  step.  The  present  time 
itself  seems  to  lie  within  a  period  of  production  of  basaltic  magma.  It 
is  also  a  period  of  rigid  crustal  shells.  It  seems  necessary  therefore 
to  suppose  that  basaltic  magma  is  now  produced  and  perhaps  has  been 
in  the  past  under  conditions  of  general  earth  rigidity. 

Those  who  are  convinced  of  the  fundamental  character  of  basaltic 
magma  have  usually  sought  its  source  in  a  layer  of  basaltic  composi- 
tion. As  to  the  state  of  this  layer  there  is  the  widest  divergence  of  views. 
According  to  certain  views,  as  advocated  principally  by  Daly,  it  is  above 
its  melting  temperature  at  the  pressure  there  prevailing,  but  this  pres- 
sure is  adequate  to  induce  the  proved  high  rigidity.^  It  is  thus  a  glass  but 
ready  to  become  thin-fluid  on  relief  of  pressure.  According  to  others 
it  is  crystalline  and  therefore  below  its  melting  temperature  at  the  exist- 
ing pressure*  but  above  its  melting  temperature  at  lower  pressure  and 
thus,  again,  ready  to  become  fluid  on  relief  of  pressure.  This  latter  view 
is  still  further  modified  by  some  few  who  hold  that  it  is  not  only  crys- 
talline but  exists  in  the  high  pressure  facies,  eclogite,  liquid  becoming 
available  in  a  similar  manner.-  As  already  noted,  a  different  suggestion 
as  to  the  manner  of  liquefaction  has  been  made  by  Joly  who  concludes 
that  the  basaltic  layer  is  periodically  remelted  as  a  result  of  the  secular 
accumulation  of  the  heat  of  radioactive  disintegration.^ 

Of  these  various  methods  of  obtaining  fluid  basalt  from  a  layer  of 
basaltic  composition  Daly's  is  probably  the  best,  for,  as  we  shall  see  in 
the  sequel,  it  is  questionable  whether  basaltic  liquid  would  be  the  usual 
product  of  remelting  of  a  crystalline  basaltic  layer  by  whatever  method. 
Nevertheless  it  is  difficult  to  believe  that  the  pressure  existing  at  mod- 
erate depths,  say  50*60  km,  would  be  adequate  to  endow  a  basaltic 
liquid,  above  the  melting  temperature,  with  the  rigidity  that  earthquake 
waves  seem  to  demand.  The  maximum  effect  obtained  by  Bridgman  on 
the  viscosity  of  43  pure  liquids  was  a  lO^-fold  increase  produced  by 
12,000  atmospheres.  This  amount  was  not  actually  determined  but  is 
extrapolated  from  a  lo''-fold  increase  at  6000  atmospheres.'  Bridgman 
used  pure  liquids,  no  doubt  largely  that  his  results  might  be  definable 
and  reproducible  but  presumably,  also,  in  the  belief  that  when  freezing 
ensued  it  would  be  sharp  and  complete  at  a  point  and  its  occurrence, 
therefore,  definitely  ascertainable.  But  even  a  pure  compound  may  melt 
or  freeze  incongruently  and  therefore  through  a  range  of  temperatures 
(or  pressures  at  a  given  temperature)  so  that  it  is  by  no  means  certain 
that  Bridgman  was  not  measuring  the  viscosity  of  a  mush  in  the  case  of 

1  R.  A.  Daly,  Proc.  Amer.  Phil.  Soc,  64,   1925,  p.  283. 

2  Fermor,  op.  cit.,  and  A.  Holmes,  Genl.  Mag.,  64,   1927,  p.  266. 

3  J.   Joly,  Surface  History   of  the  Earth,   Oxford,    192?. 

4  P.  W.  Bridgman,  Proc.  Amer.  Acad.  Arts  Sci.,  61,  1926,  pp.  57-99. 
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those  substances  which  showed  very  great  increase  of  viscosity  with  pres- 
sure. Even  if  the  maximum  indicated  effect  of  lo'-fold  is  a  real  increase 
of  liquid  viscosity,  it  is  doubtful  whether  a  corresponding  increase  in 
the  viscosity  of  basaltic  liquid  over  that  existing  at  ordinary  pressure 
would  be  adequate  to  endow  it  with  rigidity  to  earthquake  waves,  and  it 
is  even  more  doubtful  in  the  case  of  the  distortional  wave  of  longer 
period  caused  by  tidal  forces. 

The  matter  may  be  viewed  in  another  light.  At  ordinary  temperature 
and  pressure  basaltic  glass  is,  mechanically,  a  solid  possessing  a  definite 
rigidity.  The  temperature  coefficient  of  this  rigidity  is  enormous  and  is 
such  that  a  rise  of  about  1000°  C  wipes  out  all  semblance  of  rigidity 
and  converts  It  into  a  thin  liquid.  At  high  pressures  and  ordinary  temper- 
ature basalt  glass  is  again  a  rigid  substance,  but  if  it  is  to  be  such  a 
substance  at  high  temperatures  and  high  pressures  it  is  necessary  to  sup- 
pose that  this  enormous  temperature  coefficient  of  rigidity  at  low  pres- 
sures does  not  exist  at  high  pressures. 

Adams  and  Gibson  have  measured  the  compressibility  of  basaltic 
glass  at  ordinary  temperature  and  find  that  the  compressibility  and 
density  are  such  that  the  calculated  speed  of  longitudinal  earthquake 
waves  in  it  would  be  approximately  6.4  km/sec.^  There  is  apparently 
a  layer  in  the  crust  where  such  a  velocity  obtains  but  the  temperature 
is  undoubtedly  rather  high  there,  and  if  we  assume  the  layer  to  be  com- 
posed of  basaltic  glass,  the  implication  is  that  the  effect  of  temperature 
on  rigidity  Is  negligible.  A  crystalline  rock  of  intermediate  composition, 
a  diorlte,  has  such  properties  at  ordinary  temperature  that  It  also  would 
give  a  velocity  of  6.4  km/sec.  If  we  assume  that  the  layer  In  question  Is 
crystalline  diorlte  It  is  again  necessary  to  believe  that  the  effect  of  tem- 
perature on  rigidity  Is  negligible.  But  the  making  of  this  assumption  in 
connection  with  crystalline  diorlte  is  a  different  matter  from  making  it  In 
connection  with  glassy  basalt.  It  is  exceedingly  improbable  that  the  tem- 
perature effect  on  glassy  basalt  would  be  negligible  whereas  it  is  within 
the  bounds  of  probability  that  it  would  be  small  with  a  crystalline  mate- 
rial not  too  close  to  the  melting  temperature.  The  preference  Is  decidedly 
for  crystalline  diorite  below  Its  melting  temperature  in  the  layer  where 
compressional  waves  have  the  6.4  km/sec  velocity  rather  than  for  glassy 
basalt  above  its  melting  temperature  In  that  layer.  Granting  that  the 
layer  In  question  Is  crystalline  diorlte  there  seems  to  be  no  place  either 
above  it  or  below  it  for  a  layer  of  basaltic  glass.  Above  crystalline 
diorite  there  could  hardly  be  molten  basalt  in  any  persistent  arrange- 
ment of  temperatures,  ancl  below  it  earthquake  wave  velocities  are 
apparently  too  high  for  basaltic  glass. 

The  advantages  of  the  supposed  basaltic  glass  as  a  producer  of  basal- 

1  Adams  and  Gibson,  Proc.  Nat.  Acad.  Sci.,   12,    1926,  pp.  275-83. 
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tic  magmas,  as  we  know  them,  are  not  as  great  as  they  may  seem  to  be  at 
first  glance.  It  requires  relief  of  pressure  to  convert  such  glass  into  a 
thin  liquid  and  it  is  equally  possible  for  relief  of  pressure  to  convert 
crystalline  material  into  liquid.  Moreover,  the  liquid  so  produced  from 
unsaturated  basalt  glass  would  be  enormously  superheated  under  the 
new  pressure  whereas  the  liquid  so  produced  from  crystalline  rock 
would  be  just  saturated  under  the  new  pressure. 

The  elastic  properties  of  the  earth  appear  to  reduce  us  to  the  necessity 
of  considering  the  remelting  of  crystalline  material.  As  already  stated  it 
is  not  likely  that  crystalline  basaltic  substance  would  usually  give 
basaltic  liquid  in  any  process  of  remelting.  Secular  reheating  of  the 
mass  would  give  much  liquid  at  a  temperature  well  below  that  requisite 
for  complete  melting.  The  liquid  portion  would  not  have  a  basaltic 
composition,  but  would  be  more  salic  and  would  be  capable  of  intrusion 
into  the  upper  crust  long  before  a  temperature  was  attained  adequate  to 
remelt  the  whole  basalt.  The  magma  commonly  injected  into  the  crust, 
if  it  Is  to  be  produced  by  slow  (radiothermal)  reheating  of  crystalline 
basalt,  would  thus  not  ordinarily  be  of  basaltic  composition. 

A  fact  not  realized  by  any  of  those  dealing  with  the  subject  is  that 
remelting  of  crystalline  basalt,  consequent  upon  relief  of  pressure,  would 
inevitably  lead  to  the  same  result.  The  relief  of  pressure  must  be  a 
decidedly  transitory  matter,  for  as  soon  as  the  liquid  flows  upward  to 
the  region  of  lower  pressure,  the  superincumbent  pressure  at  the  zone 
of  production  of  liquid  must  resume  nearly  its  original  value.  In  view 
of  the  brief  interval  of  time  during  which  the  lowered  pressure  can  be 
regarded  as  existing,  the  remelting  must  be  approximately  adiabatic.  The 
mass  undergoing  remelting  must  find  practically  all  the  heat  of  melt- 
ing within  itself  and  its  temperature  must  therefore  be  lowered.  In  the 
case  of  a  pure  silicate  compound,  already  at  its  melting  point  under  the 
higher  pressure  (but  not  melted),  the  temperature  would  fall  to  the  melt- 
ing point  under  the  lower  pressure  and  a  fraction  of  the  substance  would 
melt  which  is  approximately  determined  by  the  latent  heat  of  melting 
and  the  specific  heats  of  the  liquid  and  solid.  A  crystalline  silicate 
at  its  melting  point,  having  a  latent  heat  of  melting  of  100  cal/gm  and 
a  specific  heat  of  both  solid  and  liquid  of  0.25  cal/gm  would  be  melted 
to  the  extent  of  about  40  per  cent  of  its  mass  by  a  release  of  pressure 
sufficient  to  lower  its  melting  point  100°  C.  If  it  was  originally  at  a 
temperature  lower  than  the  melting  point  at  the  higher  pressure,  a  lesser 
amount  would  melt,  and  of  course  if  it  was  at  a  temperature  below  the 
melting  point  at  the  lower  pressure,  no  melting  would  occur.  For  basalt, 
or  any  material  which  melts  through  a  temperature  interval,  the  amount 
of  melting  (produced  by  the  same  change  of  conditions  pictured  above) 
would  be  somewhat  less  than  that  for  a  pure  substance.  Now  the  con- 
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stants  given  above  are  roughly  those  of  basalt,  so  it  would  require  a 
relief  of  pressure  corresponding  with  the  unloading  of  25  km  of  rock 
to  bring  about  the  melting  of  about  40  per  cent  of  a  basalt  mass  and 
the  liquid  so  formed  would  not  be  basaltic.  According  to  the  recent  trend 
of  thought  regarding  internal  temperatures  of  a  continuously  cooling 
earth,  the  temperature  is  far  below  the  surface  melting  temperature  of 
basalt  at  a  depth  of  2^  km,  in  fact,  the  melting  temperature  of  basalt 
is  attained  only  at  a  depth  of  some  ^0-60  km.^  Even  through-striking 
fissures  establishing  a  connection  with  the  surface  and  extending  to  a 
depth  of  75-90  km  would  reach  a  zone  of  temperature  (according  to  such 
estimates)  not  more  than  about  100°  above  the  surface  melting  tempera- 
ture of  basalt  and  could  induce  the  melting  of  only  about  40  per  cent 
of  a  basaltic  mass,  were  such  a  mass  situated  at  that  level,  and  the  liquid 
produced  would  not  be  basaltic.  But  at  37-60  km  we  encounter  material 
of  a  peridotitic  character,  according  to  the  indications  of  earthquake 
phenomena,  and  if  this  be  true  the  only  source  of  basaltic  magma  that 
appears  available  on  the  doctrine  of  a  continuously  cooling  earth  lies 
in  the  peridotite  zone,  from  which  it  must  be  produced  by  selective 
fusion.  Neither  assumption  as  to  earth  history  can  represent  the  full 
truth.  Cooling  has  certainly  not  been  by  conduction  alone  but  the 
simple  rhythmic  reheating  advocated  by  Joly  may  be  as  far  from  the 
truth.  There  is  therefore  no  assurance  as  to  where  the  zone  of  possible 
production  of  liquid  may  be,  but  on  the  doctrine  of  periodic  reheating 
by  radiothermal  energy  we  have  seen  that  basaltic  substance  would 
give  rise  by  selective  fusion  to  non-basaltic  liquid  and  that,  at  a  time 
when  there  was  enough  liquid  to  render  its  intrusion  possible,  the  liquid 
would  be  considerably  more  salic  than  basalt.  Whichever  assumption  is 
made  as  to  the  thermal  history  of  the  earth,  we  find  the  most  probable 
source  of  basaltic  magma  in  the  selective  fusion  of  a  portion  of  the 
peridotite  layer.  It  is,  perhaps,  worth  while  to  examine  somewhat  more 
closely  the  selective  fusion  of  a  peridotite  layer, 

PRODUCTION  OF  BASALTIC  MAGMA  BY  SELECTIVE  FUSION 
OF    PERIDOTITE 

Washington  has  sought  to  obtain  an  idea  of  the  composition  of  the 
earth's  peridotite  shell  on  the  assumption  that  it  approaches  that  of 
achondritic  meteorites.  The  assumption  appears  to  be  reasonable  and  his 
figures,  based  on  the  average  composition  of  20  such  meteorites,  will 
here  be  accepted  as  a  working  basis. ^  The  peridotite  shell  recalculated 
to  simple  minerals  has,  according  to  Washington,  the  following  compo- 
sition, omitting  minor  constituents. 

1  L.   H.  Adams,  Jour.  Wash.  Acad.  Set.,  14,  1924,  p.  468. 

2  H.  S.  Washington,  Amer.  Jour.  Sci.,  9,  1925,  pp.  357-63. 
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Olivine  12.82  per  cent 

Hypersthene  43-92 

Diopside  18.33 

Anorthite  13-23 

Albite  5.83 

Orthoclase  1.69 

If  this  material  were  subject  to  refusion  there  would  be  a  stage  at  which 
all  the  orthoclase,  albite,  anorthite  and  diopsidic  pyroxene,  and  little 
else,  would  be  liquefied  and  the  liquid  would  constitute  about  40  per 
cent  of  the  mass.^ 

The    composition    of    the    liquid    expressed    as    mineral     molecules 
would  be 

Orthoclase  4*5 

Albite  15.0 

Anorthite  33.5 

Ferriferous  diopside  47.0 

This  liquid  could  therefore  crystallize  as  53  per  cent  plagioclase  ap- 
proaching AbjAn,  and  47  per  cent  pyroxene.  In  the  actual  content  of 
the  orthoclase  molecule  and  the  relative  amounts  of  plagioclase  and 
pyroxene  such  material  is  essentially  basaltic,  but  it  is  perhaps  not  as 
close  to  the  great  lava  floods  of  fissure  eruptions,  the  plateau  basalts, 
as  material  in  which  the  plagioclase  is  somewhat  less  basic.  The  rock 
substance  suffering  selective  fusion  may,  therefore,  be  assumed  to  differ 
somewhat  from  the  peridotite  shell  as  calculated  by  Washington,  and 
this  difference  would  be  towards  the  probable  average  of  all  meteorites, 
for  some  meteorites  have  their  plagioclase  dominantly  in  the  form  of 
oligoclase.  A  source  of  plateau  basalts  in  the  selective  fusion  of  perido- 
tite substance  analogous  to  meteoritic  material  is,  therefore,  quite 
within  the  bounds  of  possibility  and  even  of  probability.  Even  definite 
proof  that  the  plateau  basalts  are  exactly  the  material  that  would  be 
produced  by  selective  fusion  of  meteorite  substance  would  not,  of  course, 
prove  that  they  are  so  produced,  because  the  fractional  crystallization  of 
meteoric  matter  would  give  the  same  result,  so  that  the  basaltic  layer 
of  a  differentiated  earth  would  be  of  essentially  the  same  composition 
as  the  basalt  formed  by  selective  fusion.  Having  regard,  however,  for 
the  fact  that  re-fusion  would  be  selective,  there  would  appear  to  be  some 
preference  for  the  assumption  that  basalt  is  derived  by  selective  fusion 
of  peridotite,  if  from  crystalline  matter  of  any  kind. 

It  seems  necessary  to  leave  open  the  question  whether  selective  fusion 
takes  place  as  a  result  of  release  of  pressure  or  as  a  result  of  reheating. 

1  More  intensive  action  would  result  in  the  formation  of  a  greater  proportion  of  liquid.  This 
would  be  formed  by  solution  of  hypersthene  and  olivine  in  tlie   above. 
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It  is  often  stated  that  the  strength  of  rocks  is  such  that  no  arch  of  any 
notable  areal  extent  could  be  sustained  and  that  release  of  pressure  over 
any  considerable  mass  of  rock  is  therefore  impossible.  There  is  no  assur- 
ance that  the  actual  problem  is  so  simple.  In  a  shrinking  earth  there 
would  presumably  always  be  a  tendency  towards  an  arching  of  an  outer 
layer  of  the  crust  and  this  tendency  might  be  realizable  if  liquid  were 
available  to  flow  in  beneath  the  arch,  especially  a  heavy  liquid  which 
could  float  the  arch.  If  in  any  way  a  connection  were  established  between 
the  zone  of  potential  arching  and  a  deeper  zone  of  potential  forma- 
tion of  liquid,  the  two  actions  might  be  realized  simultaneously,  the  oc- 
currence of  the  one  being  dependent  upon  the  occurrence  of  the  other. 
An  outer  shell  of  compression  and  of  potential  arching  must  be 
succeeded  downward  by  a  zone  of  tangential  tension  and  it  is  possible 
that  connection  with  a  deeper  zone  of  potential  formation  of  liquid  may 
be  established  by  development  of  radial  fissures  in  the  zone  of  tangential 
tension.  The  level  of  no  strain,  lying  between  the  zones  of  compression 
and  of  tension,  would  then  constitute  a  level  of  important  intrusive 
masses  originating  in  the  postulated  manner.  Suboceanic  areas  would 
have  somewhat  diff^erent  mechanics  and  in  them  there  would  be  no  level 
of  important  intrusive  masses.  The  action  pictured  would  be  sensibly  the 
same  as  Daly's  conception  of  abyssal  injection^  but  the  local  and  tran- 
sient release  of  pressure,  obtained  when  connection  is  established  with 
the  level  of  no  strain,  would  be  the  controlling  factor  in  the  formation  of 
basaltic  liquid  selectively  from  crystalline  peridotite.  Daly  is  under 
a  similar  necessity  of  finding  a  mechanism  of  release  of  pressure  in  order 
to  convert  pressure-rigid  basaltic  glass  into  fluid  basalt. 

On  the  other  hand  it  may  be  that  the  postulated  means  of  obtaining 
release  of  pressure  is  not  available  or  is  inadequate  and  that  selective 
fusion  of  peridotite  is  periodically  accomplished  by  reheating.  Such 
fusion  would  be  very  different  from  the  re-fusion  of  a  basaltic  mass. 
Having  once  suffered  this  action  and  the  draining  off  of  the  liquid 
a  mass  of  peridotite  would  thenceforth  be  barren.  The  zone  of  possible 
production  of  basaltic  magma  would  thus  migrate,  presumably  down- 
ward, and  there  would  be  some  rationale  to  the  assumption  of  the  lapse 
of  a  considerable  period  of  time  before  a  new  period  of  important  magma 
development.  Time  would  be  required  for  accumulation  of  enough 
(radioactive)  heat  to  melt  an  adequate  proportion  of  a  new  layer  of 
peridotite. 

There  is,  however,  an  avenue  of  escape  from  the  selective  fusion  of 
peridotite  which  depends  on  the  possibility,  suggested  by  Holmes,-  that 
eclogite  would  have  sensibly  the  same  elastic  properties  as  peridotite. 

1  R.  A.  Daly,  Our  Mobile  Earth,  New  York,    1926,  pp.   134  ff. 

2  A.  Holmes,  Geol.  Mag.,  64,  1927,  p.  266. 
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We  might  then  assume  that  the  37-60  km  discontinuity  is  the  upper 
limit  of  an  eclogite  layer  and  that  peridotite  comes  in  only  at  greater 
depth.  Holmes'  location  of  the  eclogite  zone  at  15  km  depth  under  the 
continents  and  only  4  to  8  km  depth  under  the  ocean  basins  is  hardly 
acceptable.  It  would  necessitate  that  gabbrold  magma  would  normally 
crystallize  to  eclogite  at  a  depth  of  only  5  to  9  km  beneath  continental 
areas,  and  this  we  may  feel  reasonably  sure  is  not  true. 

If  there  is  eclogite  at  a  level  of  from  37-60  km  and  if  we  may  accept 
Holmes'  further  assumption  that  eclogite,  eutectic-like,  melts  as  a  unit, 
then,  by  re-fusion  of  eclogite  in  any  manner,  basaltic  magma  might  be 
expected.  The  whole  question  of  eclogite  as  a  possible  high-pressure 
facies  of  gabbro  is,  however,  still  open.  Moreover,  the  complex  nature 
of  the  mineral  components  of  eclogite  renders  it  unlikely  that  the  rock 
would  melt  as  a  unit;  indeed,  the  field  associations  of  igneous  eclogites 
suggest  that  they  are  a  special  form  of  ultrabasic  differentiate  from 
gabbroid  magma.  In  the  present  state  of  knowledge  it  would  appear  to 
be  necessary  to  leave  open  the  possibility  of  the  production  of  basaltic 
magma  by  the  non-selective  fusion  of  eclogite  whether  by  reheating 
or  otherwise. 

It  is  to  be  noted  that  the  production  of  basaltic  liquid  by  the  remelting 
of  eclogite  and  its  production  by  selective  fusion  from  peridotite  are  not 
mutually  exclusive.  The  gabbroid  constituents  of  the  peridotite  in  the 
zone  where  liquid  can  be  produced  by  release  of  pressure  may  exist  in 
the  eclogite  facies.  As  such  they  would  still  constitute  the  low-melting 
portion  and,  upon  production  of  liquid  and  its  rise  to  higher  levels,  it 
could  crystallize  there  as  gabbro  or  give  rise  to  a  differentiation  series. 

The  possibility  that  gabbroid  substance  may  exist  in  the  eclogite 
facies  at  no  very  great  depth  presents  interesting  features  in  connection 
with  the  problem  of  general  earth-differentiation,  if  there  be  such. 
What  the  possible  differentiates  of  eclogite  may  be  we  do  not  know  but 
we  may  be  very  sure  that  they  would  not  be  what  we  know  as  normal, 
sub-alkaline  rock  series  containing  diorite  and  granite.  The  production  of 
a  granitic  differentiate  from  basaltic  magma  depends  upon  the  physico- 
chemical  properties  of  the  feldspar  series  and  the  hypersthene-augite 
series  which  crystallize  from  basaltic  magma  under  lower  pressures. 
Both  of  these  are  absent  in  eclogite.  If  there  is  a  general  level  below 
which  gabbroid  substance  must  exist  in  the  eclogite  facies  then  there 
could  be  no  tendency  for  that  portion  of  the  earth  to  give  a  granitic 
differentiate  in  any  general  earth-differentiation  that  may  have  occurred. 
Only  when  gabbroid  liquid  rises  above  that  level  is  it  possible  to  pro- 
duce a  granitic  differentiate  from  it.  If  some  of  the  recent,  very  low 
estimates  of  the  thickness  of  granite  in  the  crust  should  be  substantiated, 
the  explanation  may  lie  in  the  very  thin  shell  of  the  earth  which  can 
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participate  in  the  common  type  of  differentiation.  On  the  other  hand 
if  there  is  really  a  25  km  layer  of  granite  it  would  seem  necessary  to 
place  the  minimum  possible  depth  of  a  zone  of  eclogite  at  some  200  km. 

Another  feature  of  the  selective  fusion  of  peridotite  material  to  give 
basaltic  liquid  may  be  noted.  Even  if  the  material  fused  is  of  a  gabbroid 
and  not  an  eclogitic  character,  it  will  have  no  tendency  to  differentiate 
towards  granite  or  indeed  to  differentiate  in  any  way  so  long  as  it 
remains  as  an  interstitial  liquid  in  contact  with  the  peridotite  minerals. 
It  must  there  recrystallize  (upon  increase  of  pressure)  to  gabbroid 
constituents.  Only  when  the  liquid  is  separated  from  the  peridotite 
minerals  by  rising  to  a  higher  level  can  it  differentiate  in  any  way. 

On  the  whole  the  production  of  basaltic  magma  by  selective  fusion 
of  peridotite  at  a  depth  probably  as  great  as  7)- 100  km  seems  to  be 
the  preferable  method  in  spite  of  the  great  difficulties  involved,  but  it 
will  be  plain  from  the  foregoing  discussion  that  the  problem  of  the 
origin  of  magmas  is  far  from  approaching  definite  solution.  Geophysical 
data  help  very  little.  All  that  can  be  said  is  that  they  are  apparently 
consistent  with  the  derivation  of  basaltic  magma  in  the  manner  de- 
scribed. The  question  of  the  parental  nature  of  basaltic  magma  can  not 
be  given  a  definite  answer.  It  is  becoming  increasingly  probable  that  all 
magmas  could  be  derived  from  the  basaltic  by  crystallization-differen- 
tiation, but  even  were  this  a  proven  fact  it  would  not  follow  that  magmas 
are  so  derived.  The  decision  on  this  point  would  still  depend  principally 
upon  geologic  considerations;  indeed  it  was  largely  such  considerations, 
rather  than  petrology,  that  led  to  the  suggestion  of  the  parental  nature 
of  basalt. 

Geologic  evidence  shows  that  from  Keewatin  time  to  the  present,  a 
source  of  basaltic  magma  has  been  available,  perhaps  not  continuously 
but  certainly  at  very  frequent  intervals.  Whether  it  is  currently  pro- 
duced or  whether  it  was  produced  long  ago  by  earth-differentiation,  we 
have  no  means  of  deciding.  And  so  we  must  leave  open  the  question 
whether  the  various  differentiates  of  basaltic  magma  were  currently 
produced  or  were  in  some  cases  produced  by  a  primordial  differentiation. 
Many  granitic  magmas  may  have  their  immediate  origin  in  the  remelt- 
ing,  say  by  deep  burial,  of  a  granite  derived  in  more  remote  times  from 
basic  material.  Yet  in  most  igneous  cycles  that  contain  basaltic  rocks 
occurring  as  regional  dikes  or  as  copious  surface  flows,  and  most  cycles 
do,  it  seems  necessary  to  appeal  to  basaltic  parental  magma  and  to  the 
derivation  from  it  of  other  magmas  of  the  cycle.  Crystallization-differ- 
entiation could  not  give  approximate  uniformity  of  composition  in 
basalts  if  they  were  the  basic  differentiate  of  an  intermediate  magma. 
The  compositions  of  all   rocks  more   basic   than  the  parental   magma 
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would  be  sporadic.  The  ultrabasic  rocks,  those  more  basic  than  basalt, 
are  the  rocks  which  show  this  character,  whereas  all  rocks  less  basic 
tend  to  cluster  around  certain  liquid  lines  of  descent.^  This  is  found  to 
be  true  upon  a  general  survey  of  rock  compositions.  If  that  were  the 
whole  story  it  might  be  due  to  a  remote  derivation  from  basaltic  magma. 
But  the  same  facts  are  true  of  most,  if  not  all,  individual  igneous  cycles 
so  that  there  are  rather  strong  reasons  for  regarding  the  magmas  of 
these  cycles  as  immediately  derived  from  basaltic  magma,  itself  cur- 
rently produced. 

The  production  of  parental  basaltic  magma  by  selective  fusion  of 
more  basic  material,  consequent  upon  release  of  pressure,  would  account 
satisfactorily  for  the  general  lack  of  liquid  magmas  produced  by  re- 
fusion of  early  crystals  which  sink  into  lower  layers  of  a  magma 
chamber,  in  other  words  for  the  lack  of  such  liquids  as  the  peridotitic. 
The  liquid  produced  by  release  of  pressure  is  just  saturated,  not  for 
the  conditions  normally  prevailing  in  the  zone  where  it  is  produced,  but 
for  the  conditions  prevailing  in  the  zone  to  which  it  may  rise  as  a  result 
of  the  release  of  pressure  which  has  caused  its  production  and  beyond 
which  it  can  not  rise  because  the  (back)  pressure  so  created  would  cause 
recongelation  at  the  source.  If  the  magma  rose  as  a  result  of  any  such 
action  and  spread  out  at  a  certain  level  in  the  crust  as  a  cake-like  mass 
(a  magma  chamber)  it  would  be  just  saturated  in  its  new  surroundings 
and  incapable  of  redissolving  its  own  early  crystals  in  any  part  of  its 
mass.  The  mechanism  which  contributes  to  the  production  and  rise  of 
magmas  may  thus  be  one  which  insures  that  they  shall  be,  ordinarily, 
saturated  magmas.  When  the  relief  of  pressure  is  accomplished  by 
actually  establishing  a  connection  with  the  surface  of  the  earth  the 
magma  which  flows  out  is  ordinarily  found  to  be  saturated,  that  is,  to 
contain  at  least  a  small  proportion  of  crystals. 

If  magmas  came  from  a  deep  zone  where  they  are  unsaturated  even 
under  the  conditions  there  prevailing  they  would  have  an  abundance  of 
superheat  when  they  rose  to  higher  levels.  The  evidence  points  to  the 
general  lack  of  such  superheat  even  in  the  plateau  basalts,  which  we  may 
regard  as  parental  magma,  and  suggests  a  preference,  therefore,  for  the 
production  of  these  magmas  by  selective  fusion  of  peridotite  material 
caused  by  release  of  pressure. 

The  main  purpose  of  this  chapter  is  not,  however,  to  express  advocacy 
of  any  particular  mode  of  derivation  of  magma  but  rather  to  indicate 
how  inadequate  are  the  data  now  available  to  permit  a  definite  decision 
on  this  point.  The  early  stages  of  organic  evolution — the  early  stages  of 
the  development  of  the  human  race — are  shrouded  in  mystery.  So  it  is 
with  the  early  stages  of  the  development  of  a  magmatic  cycle. 

1  In  this  connection  Fig.  37  may  be  re-examined  with  profit. 


CHAPTER     XVIII 

THE  CLASSIFICATION  OF  IGNEOUS  ROCKS 

FOR  a  long  time  petrologists  have  sought  what  has  been  termed 
a  natural  or  genetic  classihcation  of  igneous  rocks.  The  search 
has  not  been  rewarded  with  success ;  at  least,  so  it  is  said.  The 
hope  seems  to  have  been  entertained  that  some  new  principle  would  be 
discovered  upon  which  the  genesis  of  rocks  depends  and  that  with  its 
discovery  rocks  would  be  found  capable  of  division  into  genetic  classes 
which  would  transcend  the  supposedly  artificial  classifications  based  on 
the  mineral  make-up  of  the  rocks.  In  the  organic  kingdom  a  classification 
had  been  built  up — a  purely  artificial  one  based  on  the  morphological 
characters — long  before  the  evolutionary  principle  that  governed  their 
development  was  more  than  dimly  appreciated.  Upon  full  appreciation 
of  this  principle  it  was  not  found  necessary  to  discard  existing  classifi- 
cation. For  the  most  part  the  establishment  of  evolution  gave  merely  a 
fresh  impetus  and  a  new  meaning  to  existing  classification.  This  lack 
of  need  of  a  new  classification  was  due  to  the  fact  that  classification  had 
been  based  on  morphologic  characters  and  these  were  the  fundamental 
units  which  responded  to  the  factors  controlling  the  process  of  develop- 
ment. 

The  situation  will  not  be  found  very  different  in  the  case  of  rocks 
when  a  general  understanding  of  the  process  of  their  development  has 
been  reached.  The  minerals  of  which  rocks  are  composed  are  the  expres- 
sion of  a  response  to  the  conditions  of  their  genesis.  A  genetic  classifica- 
tion can  not  transcend  a  classification  based  on  mineral  composition  and 
by  this  is  meant,  of  course,  modal  mineral  composition. 

Upon  the  actual  kind  of  mineralogic  classification  a  word  may  be  said. 
There  has  long  been  a  great  clamor  for  emphasis  upon  the  quantitative 
element  in  classification.  This  has  been  in  some  measure  due  to  the  use 
of  the  term,  rock  species,  to  designate  a  rock  type,  the  implication  being 
that  there  is  something  very  definite  and  precise  about  the  so-called 
rock  species.  If  any  analogy  is  to  be  drawn  between  the  animal  and  the 
mineral  kingdom  it  should  consist  rather  in  a  comparison  of  mineral 
species  with  animal  species.  And  if  it  is  to  be  carried  further  this  can  be 
done  by  comparing  rock  types  with  faunas.  Just  as  a  fauna  is  a  collec- 
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tion  of  animal  species  resulting  from  a  response  to  external  conditions 
and  to  each  other,  so  a  rock  type  is  a  collection  of  mineral  species  result- 
ing from  a  response  to  external  conditions  and  to  each  other.  With  this 
analogy  in  mind  we  get  a  rational  view  of  the  importance  of  the  quanti- 
tative element  in  rock  classification.  How  artificial  a  classification  of 
faunas  would  be  which  was  based  on  the  ratio  of  foxes  to  hares,  of  hares 
to  moles  and  so  on !  To  be  sure  it  is  by  no  means  accidental  that  the 
ratio  of  hares  to  foxes  is  10  in  a  certain  area  and  only  2  in  another,  but 
as  compared  with  the  broad  factors  controlling  life  in  the  two  areas  it 
is  relatively  accidental.  A  classification  of  the  two  faunas  on  the  basis  of 
the  ratios  noted  might  serve  a  utilitarian  purpose  from  the  viewpoint 
of  a  trapper,  but  it  would  have  little  scientific  value.  So  it  is  not  acci- 
dental that  a  rock  is  nearly  pure  olivine  here  and  only  75  per  cent 
olivine  a  few  feet  distant,  but  it  is  relatively  accidental  and  should 
not  be  made  a  fundamental  factor  in  classification. 

We  have  at  present  a  classification  which  is  characterized  by  a  loose- 
ness in  its  quantitative  aspects.  It  takes  the  nature  of  the  plagioclase,  if 
present,  as  of  fundamental  importance.  Since  the  nature  of  the  plagio- 
clase is  an  indication  of  the  stage  of  development  from  an  original 
magma,  the  use  of  that  character  is  amply  justified  from  the  genetic 
point  of  view.  It  takes  the  nature  of  the  colored  constituent,  whether 
olivine,  pyroxene,  hornblende  or  mica  as  a  fundamental  character  also 
and,  since  this  is  again  dependent  upon  the  stage  of  development  from 
an  original  magma,  this  feature  of  the  classification  is  desirable.  The 
same  statement  may  be  made  of  the  use  of  the  presence  or  absence  of 
quartz  and  of  other  features  of  the  classification.  It  is  the  ordinary, 
familiar,  modal  classification  of  rocks,  often  known  as  the  Rosenbusch 
classification.  The  quantitative  element  is  not  lacking  but  it  is  relatively 
unimportant.  The  looseness  of  the  classification  is  not  due  to  our  lack 
of  knowledge  of  rocks  but  to  our  very  knowledge  of  them.  No  implica- 
tion is  intended  that  our  knowledge  is  all  that  could  be  desired.  That 
can  never  be.  But  with  increase  of  our  knowledge  of  rocks  as  members 
of  series  and  of  these  series  as  members  of  super-series  there  Avill  come 
a  greater  appreciation  of  the  desirability  of  loose  classification.  A  min- 
eralogical  classification  is  a  genetic  classification  since  minerals  are  the 
fundamental  genetic  units  and  there  is  little  prospect  that  the  present 
loosely  quantitative,  modal  mineral  classification  will  be  superseded. 
Other  systems  may  serve  a  temporary  or  a  collateral  purpose,  but  the 
system  now  most  commonly  used  is  the  natural  system  of  classification 
of  igneous  rocks. 
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mative  composition  of,  87;  volatiles 

in,  301 
hornblendic  line   of  descent,    ill,    112, 

113,   121 
hornblenditc,    effusive    equivalent    of, 

272-273;  genesis  of,  270 
hornblendites,    normative    composition 

of,  271 
HoRNE  and  Teall,  255 
Hot  springs,  heat  loss  from,  308,  309 
humboldtilite,  origin  of,  262 
hybridism,  121 
hypabyssal  intrusion,  158,  173 

Iceland,  basalt  from,  142 
Ice  River,  British  Columbia,  rocks   of, 
257 

IDDINGS,    J.    P.,   84,    116,    229,   250,   252 

Ilimausak,  Greenland,  rocks  of,  256 

ilmenite  deposits,   172 

immiscibility,  7-19,  130,  132;  general- 
ized diagram  of,  12;  gravitative  ef- 
fect in,  13;  in  quartz  porphyry,  15; 
of  basalt  and  rhyolite,  15-19;  test 
of,  15-16 

immiscible  globules,  8-10 

inclusions,  foreign,  solution  of,  175- 
223;  fusion  of,  184,  187,  191,  201, 
213;  reaction  rims  of,  190 

incongruent  melting  point,  see  melting 
point 

intratelluric  crystallization,   173 

iron  core  of  earth,  303 

iron  of  meteorites,  origin  of,  303 

iron  oxides,  effects  of  on  course  of 
crystallization,  65-69,  79,  no 

Isle  Cadieux,  Quebec,  rocks  of,  259-267 

isostasy,  304,  31 1 

ITO,  T.,  229 

jadeite,  244 

Japan,  rocks  of,  141,  218,  220,  250 

Jeans,  J.  H.,  307 

Jeffreys,  H.,  305,  307 

JoLY,  J.,  309,  312 

Joule-Thomson  effect,  183 

Juan  Fernandez,  picrite  basalt  of,  163, 

164 
JUDD,  J.  W.,  3,  134,  174 

KoO,  see  potash 

Katmai  region,  rocks  of,  95,   110,   114- 

122 
kedabekase,  141 


Kelvin,  306,  307 
Keyes,  Mary  C,  153,  154 
k.night,  c.  w.,  254 
Kozu,  S.,  161 
Kristallizationsfolge,  10 

Lacroix,  a.,  69,  71,  141,  162,  208,  240, 

257 
lamprophyres,  258-268,  271  ;   selvages 

of,  258 
Landes,  K.  K.,  132 
Larsen,  E.  S.,  132 
Lassen  Peak,  composition  of  rocks  of, 

95,  101,  111,  117 
latent  heats  of  melting  of  silicates, 

176-177 
Le  Chatelier,  principle  of,  187 
leucite,  and   nephelite   rocks,   relations 

of,  256-257;  basalt,  genesis  of,  271; 

equilibrium     relations     of,    241-257; 

granite  porphyry,  253;  in  presence  of 

excess    SiO:..,    247,    252-253 ;    trachyte 

and  phonolite,  257 
leucitite,  genesis  of,  271 
level  of  no  strain,  317 
Lewis,  J.  Volney,  71,  72 
lime,  form  of  curve  for,  97-117 
limestone,  assimilation  of,  267 
lines  of  descent,  see  liquid  lines 
Linosa,  basalt  from,  161 
liquid,  change  of  composition  of,  93,  94 
liquid  immiscibility,  8-10,   no 
liquid   lines   of  descent,  92-124;   flexi- 
bility of,  121-124,  232,  249 
Loch  Borolan,  rocks  of,  255-256 
Los  Archipelago,  257 
LowRY,  T.  M.,  283 

Madagascar,  rocks  of,   141,   162,   163, 
165,  257 

magma  series,   139 

magma-type,  74;  acid,  98;  concept  of, 
135;  intermediate,  98;  non-porphy- 
ritic  central,  98,  135,  143,  144;  pla- 
teau, 98,  135,  143,  144;  porphy- 
ritic  central,  135-139,  143-145 

magmatic  ore  deposits,  172;  sulphides, 
172;   temperatures,    184 

magnesia,  form  of  curve  for,  97,   108- 

Manhattan  schist,  analyses  of,  209 
Mawdsley,  J.  B.,  171 
Mawson,  D.,  141,  161 
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maximum  on  curve  of  soda,  see  curve 

of  soda 
maximum  on  curve  of  vapor  pressures, 

283-293 
Mead,  W.  J.,  168 
mechanics  of  continents,  240 ;  crust  of 

earth,  317 
melilite,  origin  of,  207,  259-268 ;  reac- 
tion rims  of,  266 
melting    point,    congruent,    27-28;    in- 
congruent,  29-33,  4 '-45 
melting  temperatures  of  basalt  and 

granite,  298,  309 
Merrill,  G.  P.,  303 
Merwin,  H.  E.,  44,   153,  203,  206,  213, 

294 
meteorites,  stony,  311,  315 
mica  peridotite,  258-259 
micropegmatite,  72,  74,  82,  83;   alkali 

content  of,  104 
MiLLiCAN,  Joseph  and  Lowry,  283 
mineral  antipathies,  20;  associations,  20 
"mineralizers,"  282-302 
miscibility  of  rock-forming  oxides,   12 
modal  classification,  321-322 
monomineralic  rocks,  167 
monticellite,  in  alnoite,  259;  origin  of, 

264,  266 
MoREY,  G.  W.,  vi,  27,  28,  31,  241,  282, 

286-293,  300 
Morley,  E.  W.,  250 
Moyie  sills,  214 
Mull  authors,  68,  74-78,  96,  97,   111, 

129,  134,  135,  136,  137,  138,  139,  144, 

146,  158,  238-239 
Mull,  composition  of  rocks  of,  96,  98, 

101,     111,     118;     crystallization     of 

rocks  of,   1 10 
mullite,  formation  of,  210,  211,  213 

Na^O,  see  soda 

nephelinite,  genesis  of,  271 

nephelite,  and  diopside,  equilibrium 
of,  261  ;  and  leucite  rocks,  relations 
of,  256-257;  basalt,  genesis  of,  271  ; 
intergrowth  with  orthoclase,  256- 
257 ;  pyroxene,  reaction  of,  260-265 ; 
syenite,  genesis  of,  234-236,  253-257 

New  Hebrides,  basalts  of,  165;  rocks 
of,  141 

New  Jersey  diabase,  161 

New  South  Wales,  basalt  from,  161 

NiGCLi,  P.,  vi,  84,  258,  282,  286-293 


central    magma-type, 


non-porphyritic 

74-76 

Nordingra  region,  dike  from,   165 
norites,  origin  of,  210-213 
normative    composition    of    rocks,    137, 

138;  olivine  in  basalts,  159-164 

obsidian  Cliff,  Yellowstone  Park,  296 

obsidians,  126-129,  232;  proportion  of 
volatiles  in,  296-297 

oceanic  islands,  basalt-trachyte  of,  240 

olivine  and  quartz,  complementary  na- 
ture of,  72 

olivine  basalts,   159-164 

olivine  crystals,  sinking  of,  71 

olivine  diabase  ledge  of  New  Jersey, 
161 

olivine,  early  cessation  of  crystalliza- 
tion of,  59-60,  70,  72 ;  early  separa- 
tion of,  70-78 ;  excess  separation  of, 
29,  30,  41-43,  50-53,  70-72;  sorting  of 
crystals  of,  145 

ophitic  texture,  significance  of,  68-69 

orbicular  structure,  1  5 

order  of  separation  of  minerals,  59 

ore  deposits,  magmatic,   172 

orthoclase,  equilibrium  with  anorthite, 
227-233;  incongruent  melting  of,  37, 
227-228,  241  ;  intergrowth  with  neph- 
elite, 256-257;  mantling  of  plagio- 
clase  by,  229 

orthopyroxene,  origin  of,  208-210 

oscillatory  zoning,  274,  275 

oxides,  rock-forming,  miscibility  of, 
12;  curves  of  variation,  92-122 

palingenesis,  198 

Palisade  diabase  of  New  Jersey,  71-73, 
161 

panidlomorphic  structure,  258;  origin 
of,  l?3 

parental  magma,  75,  124,  215;  see  also 
basaltic  magma 

pegmatites,  origin  of,   131 

Pele's  Hair,  composition  of,  162 

peridotite,  123,  124,  126,  173,  174; 
analyses  of,  154;  distribution  of,  in 
Skye,  149;  elastic  properties  of,  305 ; 
laccolith,  146;  lack  of  effusive 
equivalent,  166;  layer,  depth  of,  305, 
310,  315;  mica,  258,  259;  velocity  of 
earthquake  waves  In,  305 

peridotite  dikes  of  Skye,  148-159;  pet- 


330 


GENERAL  INDEX 


rography   of,    151-157;    selvages    of, 

'^°    . 
peridotite  shell  of  earth,  composition 

of>    315>    316;    selective    fusion    of, 

3.i5-3.»7 
peridotite  2one  of  earth,  305 
perlites,  126-129 
perovskite,  origin  of,  259,  281 
pctrographic  provinces,  3 
petrography   of   peridotite    dikes,    151- 

phenocr>'sts,  significance  of,   136 

phonolite,  genesis  of,  239,  272 

picotite,  in  peridotite,  152,  154;  origin 
of,  279-281 

picrite  basalt,  163,  164;  of  Soay,  147 

picrite-teschenite  association,  173,  174; 
bibliography  of,  174 

pigeon  Point  sill,  214 

pitchstones,  126-129,  297;  development 
of,  233 

plagioclase,  crystallization  of,  45-48 ; 
determination  of,  142,  143;  heat  of 
solution  of,  176;  latent  heats  of 
melting,  176;  liquids,  170;  pheno- 
crysts,  significance  of,  135-1 40;  zon- 
ing of,  33-34,  35,  48,  274,  275 

planetesimal  origin  of  the  earth,  307 

plateau  basalts,  67,  68,  145,  276;  py- 
roxenes of,  238;  source  of,  316 

plateau  magma-type,  74-78;  parental 
nature  of,  75 

pleonaste,  origin  of,  279 

plutonic  masses,  variation  of  composi- 
tion in,  95 

porphyritic  character,  significance  of, 
258,  272 

porphyritic  rocks,  significance  of 
composition  of,  94,  117-122 

potash,  form  of  curve  for,  100-117 

pressure,  maximum,  over  saturated 
solutions,  283-293 

Prideaux  and  Caven,  283 

pseudo-leucite,  formation  of.  245-257 

pyroxene,  early  separation   from  ba- 
salt, 64-69,  91,   105 

pyroxenite,  123,  124,  126;  lack  of  ef- 
fusive equivalent,  166;  origin  of, 
208,  212 

quartz,  and  olivine,  complementary  na- 
ture of,  72 ;  concentration  of  in  resi- 
dues, 298 ;  sources  of,  70,  80,  90 ; 
veins,  origin  of,  131 


quartzose  late  differentiates,  70,  80,  90 
quenched  rocks,  168 
QuENSEL,  P.  D.,  164 

radiate  arrangement  of  dikes,   150 
radiate  dikes  of  Skye,  148-149 
radioactivity  of  rocks,  304,  306-310 
Rankin,  G.  A.,  38,  44,  211,  213 
reaction,  of  liquid  and  crystals,  30,  33, 

34,  35,  36,  41-44 
reaction  pair,  192 
reaction  principle,  54-62 
reaction    relation,   criteria    of,   57;    of 

orthoclase    and    anorthite,    227-233, 

241-242 
reaction  rims,  43,  44,  57-59 ;  about  in- 
clusions,   190,    213,    214;    of    spinel, 

278-279 
reaction  series,  54-62,  108,  175,  192-197 
Read,  H.  H.,  208,  213 
re-fusion,  by  release  of  pressure,  314, 

316,317 
remelting  of  crystals,  cause  of  failure 

of,  320 
remelting  of  earth's  crust,  21 
removal  of  crystals,  effects  of,  26,  27, 

30,  38,  48,  53 
replacement  origin  of  carbonates,   132, 

220 
re-solution     of     early     crystals,      136, 

139.  143.  166,  167,  171,  258,  267,  273- 

281 
resorption,   fractional,   269-281  ;   limits 

of.  275-276 
Reunion,  basalts  of,  162,  170;  rocks  of, 

141 
reversal  of  zoning,  274,  275 
Richards,  H.  C,  132 
rigidity  of  basaltic  liquid,  312,  313;  of 

earth  layers,  310,  312 
rock  associations,  3,  4 
rock-forming  oxides,  miscibility  of,  12 
rock  series,  4,  322 
Rogers,  G.  S.,  208 

Roman  comagmatic  region,  229,  250,  257 
RoozEBOOM,  H.  W.  B.,  179,  285 

ROSENBUSCH,    H.,    263,   322 

Ross,  C.  S.,  259,  267 
rossweinose,  86 
Rum,  rocks  of  Isle  of,  142 
Rutherford,  E.,  308 

Saint  Helena,  rocks  of,   143 
salt  solutions,  equilibrium  in,  25 
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saturated  condition  of  magmas,  182-185, 

215,  320 
saturated  solutions,  pressures  of,  283- 

scattering  of  points  on  variation  dia- 
gram, 122,   123,  124 

SCHALLER,   W.   T.,    131,    132 
SCHEUMANN,    K.    H.,   267 
SCHOFIELD,   S.  J.,  214 

secondary  granite,  214-215 
second  boiling  point,  285,  287-288 
sedimentary  inclusions,  effects  of,  201- 

219 
seismic  waves,  303-305,  310-311 
selective  fusion,  see  fusion ;  of  perido- 

tite,  311,  315-317 
selective   re-solution,  269-281 
selvages  of  peridotite  dikes,  150 
series  of  rocks,  4,  322 
settling  of  crystals,  vi,  23,  71,  136,  151, 

161,  166,  256 
Shand,  S.  J.,  218,  255-256 

SHEPHERD,  E.  S.,  91,  294,  296,  298 

silica,  free  in  residual  liquids,  298 
silicate   liquids,   mixing   heats   of,    175- 

182 
silicate  systems,  25-53 
silicates,  specific  heats  of,  184 
silicification  of  rhyolites,  131-132 
sillimanite,  formation  of,  210-211 
sinking  of  crystals,  see  settling  of  crys- 

stals 
Skye,  Isle  of,  map,  149 
Skye.  rocks  of,  134,  138,  146,  165,  279 
Small  Isles  of  Inverness-shire,  136,  156 
Smyth,  C.  H.,  Jr.,  234 
Soay,  rocks  of  Island  of,  146 
SOBRAL,  J.  M.,  165 
soda,  form  of  curve  for,  97-117 
solid  solutions,  33,  35,  37,  38,  46,  49 
solution   heats,   175-182;  of  inclusions, 

175-223 
Soret  effect,  5 
sorting  of  crystals,  133-173 
source  of  magmas,  304,  311-315 
specific  heats  of  silicates,  184 
spinel,   origin   of,   277-281  ;    reaction 

rims  of,  278-279 
spherulites,   14,   15 
Stansfield,  J.,  207,  267 
Stenhouse,  a.,  174 
straight  line  variation  diagram,  115 
Strutt,  J.  W.,  308 
sub-alkaline  rock  series,  5,  123 


sublimates,  formation  of,  294 
sub-oceanic  crust,  240 
substratum,  basaltic,  312,  313 
superheat,  causes  of  lack  of,  320 ;  mag- 

matic,  182-185,  206 
supersaturation,  192 
suspension,  liquid,   13 
"swimming-together"  structure,  281 
syntectic  magma,   175,   198,  215,  267 
systems,  silicate,  25-53 

talc,  formed  from  olivine,   151 
Tanton,  T.  L.,  14 
Teall,  J.  J.  H.,  134,  168,  255 
temperature  gradient  of  earth,  304,  306- 

310 
temperatures  of  magma,  184 
Thomas,  H.  H.,  134,  173,  174,  213;  see 

also  Mull  authors 
tidal  deformation  of  earth,  304,  310-31 1 
TiLLEY,  C.  E.,   118,  208 
trachyte,  genesis  of,  236-240 
Transvaal,  rocks  of,  257 
TsuBOi,  S.,  94,  122,  141 
Tyrrell,  G.  W.,  71,   174 

ultrabasic  rocks,  123,  124,  126,  173,  174, 
277-281;  Hebridean,  145-159;  radio- 
activity of,  307 

ultrabasic  zone  of  earth,  305 

unmixing;  see  immiscibility 

UssiNG,  N.  v.,  256 

Valley  of  Ten  Thousand  Smokes,  308 

Van  der  Waals,  J.  D.,  178 

Van  Laar,  J.  J.,  178 

Van  Horn,  Frank  R.,  87 

Van't  Hoff,  J.  H.,  25 

vapor  pressure  curves,  284-293 

variation  diagrams,  76,  88,  92-124,  127, 
128;  generalized,  117,  123;  scattering 
of  points  on,  94 ;  significance  of,  93, 

94 
vesiculation,  288,  294 

viscosity,  effect  of  pressure  on,  312, 

313 
vitrifaction  of  inclusions,  184,  187,  191, 

201,  213 
Vogt,  J.  H.  L.,  V,  109,  166,  167,  170,  228- 

229,  280,  281,  302 
volatile   components,   concentration    in 

salic    magmas,    297 ;    dominance    of 

water  in,  296;  effects  of,  83-85;  im- 
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portance  in  differentiation,  302 ; 
mode  of  transfer  of,  295-296;  nature 
of,  293 ;  of  magmas,  282-302 ;  pro- 
portions of  in  magmas,  296;  rate  of 
diffusion  of,  295 

Wagner,  Percy  A.,  169 

Wahl,  W.,  238 

Washington,  H.  S.,  vi,  12,  66,  67,  68, 
71,  139,  141,  142,  145,  159,  160,  161, 
206,  229,  238,  255,  257.  315 

water,  effects  of,  in  magmas,  83-85 

water,  in  magmas,  282-302 ;  in  silicate 
systems,  286-293 ;  lowering  of  melt- 
ing point  by,  288,  289;  vapor  pres- 
sure of,  283-293 

Waters,  Aaron,  155 

"wet"  magma,  crystallization  of,  292- 
302 


Whangerei-Bay    of   Islands    area,   New 

Zealand,  rocks  of,  9J 
White,  W.  P.,  178 
Williams,  G.  H.,  208 
Williamson,  E.  D.,  303 
Wilson,  J.  S.  Grant,  174 

WiNCHELL,   A.   N.,   208 

Wright,  F.  E.,  38,  211 

xenolithic  dikes,  150 
xenoliths,  see  inclusions 

Yellowstone  Park,  rocks  of,  116,  296 

ZiES,  E.  G.,  213,  308,  309 

zone   of   eclogite,  305,   312,   318;   of 
peridotite,  305,  315-320 

zoning  of  crystals,  33-34,  43;  oscilla- 
tory, 274,  275;  reversal  of  normal, 
274.  275 
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Each  system  is  given  once  only.  It  appears  under  the  component  whose  initial 
letter  is  highest  in  the  alphabet.  Thus  the  system,  CaO-AljO;rSiO-..,  should  be 
sought  under  ALO3,  and  the  system,  diopside-anorthite-albite,  under  albite. 


EQUILIBRIUM    EXPERIMENTALLY 
DETERMINED 

akermanite-gehlenite,  35 
albite-anorthite,  34,  176,  228 
albite-anorthite-diopside,  46,  47,  97,  189 

ALOs-CaO-SiOj,  202,  211 
ALOs-MgO-SiO,,  45 
ammonium  nitrate-water,  283,  284 
anorthite-diopside,  26 
anorthite-forsterite-silica,  42,  194 
anorthite-nephelite,  37 
anorthite-silica-wollastonite,  39 

CaO-MgO-SiO,.,  203 

diopside-enstatite,  49,  50,  51,  236 
diopside-forsterite-silica,  49,  50,  51 
diopside-nephelite,  261 

forsterite-silica,  29,  193 

orthoclase,  241 

potassium  disilicate-water,  286,  287 
potassium  metasilicate-silica-water,  300 
potassium    metasillcate-water,    32,    286, 
287 

silica-sodium  metasilicate,  28 
silver  nitrate-water,  284,  285 


EQUILIBRIUM   PARTLY  DETERMINED, 
PARTLY    DEDUCED 

albite-anorthite-diopside-FeSiOi,  65 
albite-anorthite-diopside-orthoclase, 

104,  105,  109 
albite-anorthite-orthoclase,   18,  99,   101, 

228,  231,  249 
albite-anorthite-orthoclase-silica,  106, 

107,  251 
anorthite-kaliophilite-nephelite-silica, 

244  . 
anorthite-leucite-silica,  242 

leucite-silica,  241 

oxides,  rock-forming,  generalized  mis- 
cibility  relations,  12 

EQUILIBRIUM    DEDUCED 

albite-orthoclase,  228 
anorthite-orthoclase,  228,  230 

HYPOTHETICAL   TYPE   SYSTEMS 

binary  system  with  immiscibility,  9; 
with  volatile  component,  290;  with 
volatile  component  and  critical  end 
points,  291,  292 

ternary  system  with  compounds,  40 


INDEX  OF  COMPONENTS  AND  COMPOUNDS 

IN  THE  SYSTEMS 


akermanite   (2CaO.MgO.2SiO,),  35,  203, 

265 
albite    (NaAlSi.,0,s),    17,    18,  34,  46,  47, 

65,  99,    104,   106,   107,   109,   176,   189, 

228,  231,  244,  249.  251 
ALO3,  12,  45,  202,  211 
ammonium  nitrate   (NH4NO3),  283,  284 
anorthite    (CaALsi.Os),    17,    18,   26,  34, 

37.  39.  42.  46,  47.  65,  99.  104,  106,  107, 

109,  176,  189,  194,  202,  21),  228,  230, 

231,  242,  244,  249,  251 

calcium  aluminates,  202,  21 1 

calcium  silicates,  202,  203,  211 

CaO,  12,  202,  203 

carnegieite  (NaAlSiOi),  37,  261 

clino-enstatite  (MgSiOs),  29,  42,  45,  49, 

50,  51,  193,  194.  203.  236,  265, 
cordierite  (2Mg0.2AL03.5SiOo),  45 
corundum  (Al.Os),  12,  45,  202,  211 
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